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STATEMENT OF PURPOSE 
The p u rp o se  o f  t h i s  r e s e a r c h  i s  e s s e n t i a l l y  tw o fo ld . F i r s t  
to  v a l id a t e  th e  e x p e r im e n ta l a p p a ra tu s  and to  d e te rm in e  i n  w hich 
ways th e  equipm ent c o u ld  v i t i a t e  th e  r e s u l t s ;  and se c o n d ly , to  use 
th e  im proved a p p a ra tu s  to  d e te rm in e  th e  l i f e t im e s  o f  SOg.
In  1970 Copeland^ dev elo p ed  th e  c o ld  ca th o d e  in v e r t r o n  f o r  l i f e ­
tim e s tu d ie s  o f  m o lecu le s  e a s i l y  d i s s o c ia te d  by th e  th e rm a lly  h e a te d
2
ca th o d e  o f  th e  H o lz b e r le in  in v e r t r o n  ( s e e  th e  w orks o f  H o lz b e r le in  , 
Johnson^ , S h a e ffe r^  and Thompson^). C o p e lan d 's  s tu d ie s  d e a l t  w ith  n i ­
t r i c  o x id e , a tom ic  and m o le c u la r  oxygen, and in  h i s  work h e  r e p o r te d
l i f e t im e s  w ith  a s  much a s  20% u n c e r t a in ty .  A nderson^ h as  u sed  a  s im i-
3 2 +l a r  d ev ice  and r e p o r te d  l i f e t i m e s  o f  th e  C II , and B Z s t a t e s  o f  N_
u u /
and  Ng, w ith  r a th e r  la r g e  e x p e r im e n ta l s c a t t e r .  I t  was f e l t  t h a t  de­
s ig n  im provem ents and a  b e t t e r  u n d e rs ta n d in g  o f  th e  e x p e r im e n ta l eq u ip ­
ment co u ld  e l im in a te  much o f  t h i s  s c a t t e r .
3
To t h i s  aim , th e  r a th e r  e x c e l le n t  d a ta  w hich Johnson (±2% in
3 2 +  +m ost c a s e s )  p re s e n te d  f o r  th e  C II and B E s t a t e s  o f  N„ and N_ haveu u 2  2
se rv e d  a s  a  s ta n d a r d .  The f i r s t  s e c t io n  o f  t h i s  p a p e r  th e n  w i l l  d e a l  
w ith  th e  developm ent o f  th e  e x p e r im e n ta l a p p a ra tu s  (w here d i f f e r e n t  
from  C opeland) and th e  e f f e c t s  o f  th e  fo llo w in g  on l i f e t i m e  m easure­
m ents; d a ta  a c q u i s i t i o n  r a t e ,  d is c h a rg e  v o l ta g e ,  a p p l ie d  e x t e r n a l  
m agnetic  f i e l d ,  ca th o d e  s t r u c t u r e  (g eo m e try ), th e  a d d i t io n  o f  a  quench­
in g  gas and f i n a l l y ,  th e  problem s caused  by an im p ro p e rly  fu n c t io n in g  
p h o to m u lt ip l ie r  tu b e .
The rem a in in g  s e c t io n s  w i l l  d e a l  f i r s t  w ith  th e  m easurem ents 
made on n i t r o g e n  to  g iv e  an  overv iew  o f  th e  s y s te m 's  a c c u ra c y  and 
f i n a l l y  a  d is c u s s io n  o f  th e  l i f e t i m e  m easurem ents made on s u l f e r  d i ­




Why m easure th e  l i f e t i m e s  o r  th e  t r a n s i t i o n  p r o b a b i l i t i e s  
o f  e x c i te d  a to m ic  o r  m o le c u la r  sy stem s?  The answ er to  t h i s  q u e s tio n  
i s  in te n d e d  to  p ro v id e  an  overv iew  f o r  t h i s  c h a p te r ,  i . e .  why d i r e c t l y  
m easured  l i f e t i m e s  a r e  u s e f u l  to  v a r io u s  f i e l d s  o f  p h y s ic s .  A few 
obv ious exam ples o f  f i e l d s  w hich can  make good u se  o f  l i f e t i m e  mea­
su rem en ts  a r e  s p e c tro s c o p y , a s t r o p h y s ic s  ( s im i l a r l y  f o r  e n v iro n m e n ta l 
p h y s ic s ) ,  and l a s e r s .  I t  sh o u ld  b e  n o te d  t h a t  l i f e t i m e s  th em se lv es  
a r e  n o t  needed  i n  th e s e  f i e l d s ,  b u t  th e  E in s te in  t r a n s i t i o n  c o e f f i ­
c i e n t s  A ^  a r e ,  and th e s e  a r e  r e l a t e d  to  th e  m easured  l i f e t i m e  by
th e  r e l a t i o n
\  A ik
For exam ple, th e  i n t e n s i t y  o f  a  g iv e n  e m iss io n  ( s im i l a r l y  f o r  
a b s o rp tio n )  l i n e  i s  r e l a t e d  to  th e  E in s te in  t r a n s i t i o n  c o e f f i c i e n t  
by  th e  e x p re s s io n
I, = A, N.'Îud, 7 ~  kn  Ten k  kn 4ir
w here = (E^ -  E^)-h, E^ and  E^ a r e  th e  e n e rg ie s  o f  th e  k  and  n 
l e v e l s ,  V /4 it i s  th e  s o l i d  a n g le  ex ten d ed  and Nj^  i s  th e  number o f  mole­
c u le s  in  th e  s t a t e  o f  i n t e r e s t  k .  By knowing th e  t r a n s i t i o n  c o e f­
f i c i e n t  A j^ and m easu rin g  th e  r e l a t i v e  i n t e n s i t i e s  o f  th e  v a r io u s  
e m iss io n  l i n e s ,  r e l a t i v e  p o p u la tio n s  o f  th e  e x c i te d  s t a t e s  can  be  de­
te rm in e d .
2In  a s t r o p h y s ic s  (a s  w e l l  a s  i n  th e  e n v iro n m e n ta l m o n ito r in g  
o f  th e  a tm osphere) a  know ledge o f  th e  o s c i l l a t o r  s t r e n g th  f ^  w i l l  
a llo w  a  c a l c u la t io n  o f  th e  a b s o rp t io n  c o e f f i c i e n t s  o f  a  gas o f  atoms 
o r  m o lecu le s  th ro u g h  w hich th e  o b se rv ed  l i g h t  i s  p ro p a g a t in g .  The 
o s c i l l a t o r  s t r e n g th  i s  a  d im e n s io n le ss  c o n s ta n t  w hich e x p re s s e s  th e  
a b s o rp t iv e  power f o r  each  c h a r a c t e r i s t i c  fre q u e n c y  as a  fu n c t io n  o f 
th e  t o t a l  a b s o rp t iv e  power o f  th e  e l e c t r o n ,  i . e .  i t  i s  a m easure o f  
th e  F o u r ie r  c o e f f i c i e n t  o f  th e  p a r t i c u l a r  harm onic o f  th e  e l e c t r o n  
o s c i l l a t o r .  I t  i s  r e l a t e d  to  th e  t r a n s i t i o n  c o e f f i c i e n t  by th e  
e q u a tio n
2
w here g^ and  a r e  th e  s t a t i s t i c a l  w e ig h ts  o f  th e  l e v e l s  in v o lv e d ; 
e . g .  g^ = 2 J ^  + 1 , i s  th e  t o t a l  a n g u la r  momentum number o f  th e  
sy stem .
In  th e  ca se  o f  l a s e r s ,  i t  i s  n e c e s s a ry  to  have some know­
le d g e  o f  th e  a b i l i t y  to  m a in ta in  a  p o p u la t io n  in v e r s io n  w hich i s  de­
p en d en t on th e  decay r a t e  o f  th e  low er l a s e r  l e v e l .  T h is l e v e l  obeys 
th e  in e q u a l i t y
dN ^/dt>A ^g^/g_^_
A know ledge o f  th e s e  l e v e l s  and  t h e i r  t r a n s i t i o n  p r o b a b i l i t i e s  th e n  
can  b e  o f  g r e a t  h e lp  i n  d e te rm in in g  th e  d i r e c t i o n  o f  l a s e r  r e s e a r c h .
One way to  o b ta in  th e  t r a n s i t i o n  c o e f f i c i e n t s  i s  to  c a l c u la te  
them . I t  i s  w e l l  known t h a t  e le c tro m a g n e tic  r a d i a t i o n  i n t e r a c t s  w ith  
a to m ic  sy s te m s , i n  t h a t  an atom  in  l e v e l  k  o f  en e rg y  d e s c r ib e d  
by has  a  n o n -z e ro  p r o b a b i l i t y  o f  f in d in g  i t s e l f  in  l e v e l  n  o f  
en e rg y  d e s c r ib e d  b y  i f  th e  e le c tro m a g n e tic  r a d i a t i o n  was o f
wavenumber v = (E^ -  E ^ ) /h c  (assum ing  k  and n  a r e  n o n -deg e n e ra t e ) .  
T h is i n t e r a c t i o n  may b e  c o n s id e re d  a s  an i n t e r a c t i o n  betw een  an 
e le c tro m a g n e tic  wave h a v in g  an e l e c t r i c  v e c to r  JE, and  an a to m ic  s y s ­
tem , w hich i n  a  f i r s t  ap p ro x im a tio n  i s  an  i n t e r a c t i o n  w ith  an e l e c ­
t r i c  d ip o le  o f  moment M. When t h i s  i n t e r a c t i o n ,  M»J|, i s  t r e a t e d  by 
quantum m ech an ic s , i t  i s  found t h a t  th e  p r o b a b i l i t y  o f  a  t r a n s i t i o n  
i s  p r o p o r t io n a l  to  th e  sq u a re  o f  th e  m a tr ix  e lem en ts  o f  th e  e l e c t r i c  
d ip o le  moment, i . e .
3RC^  Ek ”n”k 
w here
~ i”  "  •^ ’^ n * ^ i V ^  ^ "  x , y , z .
T h is  assum es e q u a l p o p u la tio n  o f  th e  k  l e v e l s ,  a  v a l i d  a ssu m p tio n
f o r  m ost gas d is c h a r g e s .
I f  ^ 0 , th e  two s t a t e s  have a  f i n i t e  p r o b a b i l i t y  o f
i n t e r a c t i o n  w ith  th e  e m is s io n  o r  a b s o rp t io n  o f  r a d i a t i o n .  I f
|^km | 2  _ th e n  th e  e l e c t r i c  d ip o le  t r a n s i t i o n  i s  fo rb id d e n ; t h a t
i s  to  s a y ,  i n  th e  ab sen ce  o f  e x t e r n a l  f i e l d s  i t  m ust go by  h ig h e r
o rd e r  e l e c t r i c  m u l t ip o le s  o r  by m ag n e tic  m u l t ip o le  t r a n s i t i o n s .
N o te , how ever, t h a t  th e  m ag n e tic  d ip o le  t r a n s i t i o n s  and  th e  e l e c -
-5  - 8t r i e  q u a d ra p o le  t r a n s i t i o n s  a re  down by a  f a c t o r  o f  1 0  and  1 0  
w ith  r e s p e c t  to  e l e c t r i c  d ip o le  r a d i a t i o n .
F or a  d ia to m ic  m o le c u la r  sy stem , we may c o n s id e r  th e  mole­
c u le  to  have  e l e c t r o n i c  c o n f ig u r a t io n  k ,  v i b r a t i o n a l  quantum  number 
V* and r o t a t i o n a l  quantum number J ' . Then, i f  we assum e ( i )  s e p a r ­
a b i l i t y ,  i . e .  # = -p iJ'jtjjt»  and ( i i )  t h a t  th e  e l e c t r o n i c  p o r -
t io n  does n o t depend a p p re c ia b ly  on th e  in t e r n u c le a r  s e p a r a t io n
2 , t h a t  i s  to  say  we assume th a t  th e  t r a n s i t i o n  o c c u rs  s u f f i c i e n t l y  
r a p id ly  t h a t  th e  n u c le i  do n o t have tim e to  r e a r ra n g e  th em se lv es  d u rin g  
th e  i n t e r a c t i o n ,  we f in d
3h c gj^ 2 J ’+ '
w here .
î e  =
* I v*v**i2
d r ^ l \ i b  ' =Frank-Condon f a c t o r s }
^roi = / 'J ^ j .j„ .’l ^ j .v . s in 0 d 0 d ^
Now, by summing o v e r a l l  t r a n s i t i o n s  from  a g iv e n  v ib r a t i o n a l  
le v e l  and u s in g  th e  sum r u le
J ' j " i  2 
r o t
we f in d  f o r  th e  t r a n s i t i o n  p r o b a b i l i t y
A k n 'v 'v "  -  ** “ V ' ' ' ’" "  I f
3ticg^
U sing t h i s  e q u a t io n ,  c a lc u la t io n s  can b e  made to  d e te rm in e  th e  
E in s te in  sp o n tan eo u s  t r a n s i t i o n  p r o b a b i l i t y  (and from  t h i s  th e  a b so rp ­
t io n  p r o b a b i l i t y )  w hich may th e n  be  used  i n  th e  manner s k e tc h e d  
e a r l i e r  in  o th e r  b ran ch e s  o f  p h y s ic s .  U n fo r tu n a te ly  many o f  th e s e  
c a lc u la t io n s  have r a th e r  la rg e  e r r o r s  a s s o c ia te d  w ith  them , some as 
h igh  as  50%^),
However, th e  l i f e t i m e  (o r  mean l i f e )  o f  th e  above v ib r a t i o n a l  
band i s  g iv en  by
5\ n , v ' v "
and i f  t h i s  l i f e t i m e  can  be  d i r e c t l y  m easured , s i g n i f i c a n t  re d u c ­
t i o n  in  th e  e r r o r s  o f  th e  sy stem  can b e  made, th e re b y  re d u c in g  th e  
e r r o r  i n  th e  su b se q u en t m a n ip u la t io n s .
From a  p r o b a b i l i s t i c  s ta n d p o in t ,  we co u ld  c o n s id e r  th e  tim e 
r a t e  o f  change o f  th e  p o p u la t io n  o f  a  g iv e n  e x c i te d  l e v e l  by th e
r e l a t i o n
dT  = 11
w hich i s  sim p ly
Nj^(t) = N ^(o)e"t/?k = Nj^(o)e n , v "^’^ » v ' 12
T h is  im p lie s  t h a t  a  s t r a i g h t  fo rw ard  o b s e rv a t io n  o f  th e  de­
cay r a t e  o f  th e  e x c i te d  s t a t e  w ould y i e ld  th e  t r a n s i t i o n  p r o b a b i l i t y  
v ia  th e  mean l i f e  o r  th e  l i f e t i m e  o f  t h a t  s t a t e .
In  a c t u a l i t y ,  th e  tim e r a t e  o f  change sh o u ld  be w r i t t e n
dN
dT = 5  \ k  -  \
F k n « \n )  + + V W n k
+ V o V e  +
-  “rV k ^  13
where : B = E in s te in  t r a n s i t i o n  p r o b a b i l i t y :  in d u ced  a b s o rp -
t i o n ,  m<n; in d u ced  e m is s io n , m>n,
A. = E in s te in  sp o n tan eo u s  em iss io n  t r a n s i t i o n  p ro b a -
^  b i l i t y .
U(Vj^)= r a d i a t i o n  d e n s i ty  o f  pho tons
a - c ro s s  s e c t io n  f o r  r a d i a t i o n l e s s  c o l l i s i o n a l  t r a n s i -
t i o n  from  m to  n
= N e u tra l  ground s t a t e  m o lecu le s
n  V = e x c i t a t i o n  e l e c t r i c  c u r r e n t  d e n s i tye  e
= a t ta c h m e n t c o e f f i c i e n t  ( e le c t r o n )
V = mean v e l o c i ty  o f  n e u t r a l  g round s t a t e  m o le c u le s
= e l e c t r o n  re c o m b in a tio n  c o e f f i c i e n t
= d i f f u s io n  c o e f f i c i e n t
= e l e c t r o n  e x c i t a t i o n  c ro s s  s e c t io n
a , = e l e c t r o n  e x c i t a t i o n  due to  m e ta s ta b le  o r  o th e r  e x -
^  c i t e d  s t a t e s
and w here X, r e f e r s  to  h ig h e r  e n e rg y  l e v e l s ,  n r e f e r s  to  lo w er e n e rg y
le v e l s  w ith  r e s p e c t  to  th e  l e v e l  k .
V e rb a l ly ,  t h i s  e q u a t io n  c o u ld  be  w r i t t e n  as  th e  fo llo w in g ;
r a t e  o f  change o f  th e  p o p u la t io n  o f  l e v e l  k  =
sp o n tan eo u s  e m is s io n  from  sp o n tan eo u s  ca sca d e  from
-  l e v e l  o f  i n t e r e s t  to  low er + up p er s t a t e  to  l e v e l  o f
s t a t e  i n t e r e s t
induced  a b s o rp t io n  from  in d u c e d  a b s o rp t io n  from
-  l e v e l  o f  i n t e r e s t  to  + low er l e v e l  to  l e v e l  o f
h ig h e r  l e v e l  i n t e r e s t
in d u c ed  e m iss io n  from  in d u c ed  e m iss io n  from
-  l e v e l  o f  i n t e r e s t  t o  + h ig h e r  l e v e l  to  l e v e l  o f
low er l e v e l  i n t e r e s t
c o l l i s i o n a l  d e p o p u la tio n  c o l l i s i o n a l  d e p o p u la tio n
-  from  l e v e l  o f  i n t e r e s t  -  from  l e v e l  o f  i n t e r e s t
to  low er l e v e l  to  h ig h e r  l e v e l
c o l l i s i o n a l  p o p u la t io n  c o l l i s i o n a l  p o p u la t io n  from
+ from  lo w er l e v e l  to  l e v e l  + h ig h e r  l e v e l  to  l e v e l  o f
o f  i n t e r e s t  i n t e r e s t
p ro d u c tio n  due to  p ro d u c tio n  due to
+  e l e c t r o n  bombardment + e l e c t r o n  bombardment
o f  n e u t r a l s  o f  m e ta s ta b le s
c o l l i s i o n a l  d e p o p u la -  d e p o p u la tio n  by e le c t r o n
-  t i o n  due to  d i f f u s io n  -  q u ench ing
to  w a lls
d e p o p u la tio n  due to
-  re c o m b in a tio n
In  p r a c t i c e  how ever, th e  fo llo w in g  s im p l i f i c a t i o n  i s  u s u a l ly  
u sed , a l l  o th e r  te rm s in  Eq. 13 b e in g  ig n o re d
dN
dT = f - Vom £ n  14
and in  th e  e v e n t t h a t  th e r e  a r e  no c a sc a d in g  l e v e l s  p r e s e n t ,  we have
N^(t) = Nk(o)o-A't 15
w here A’ now in c lu d e s  th e  p r e s s u r e  d e p o p u la tio n  te rm , i . e .
A' °  16
T h is  ty p e  o f  sy stem  w i l l  g iv e  a  p r e s s u r e  dependen t l i f e t i m e  
such  t h a t  l / r ^  p l o t t e d  vs th e  p r e s s u r e  w i l l  y i e l d  a  s lo p e  w hich i s  
p r o p o r t io n a l  to  th e  c o l l i s i o n a l  d e p o p u la tio n  c ro s s  s e c t io n  and  th e  
i n t e r c e p t  w i l l  be  th e  z e ro  p r e s s u re  l i f e t i m e  o f  th e  e x c i te d  s t a t e .  
A u s e f u l  r e l a t i o n s h i p  betw een  th e  second  te rm  o f  Eq. 15 and th e  
p re s s u re  i s




w here p r e s s u r e  p i s  i n  t o r r ,  a  i s  i n  cm and th e  m’s r e p r e s e n t  th e  
m asses o f  th e  r e s p e c t iv e  a to m s.
The fo llo w in g  s e c t io n s  w i l l  d e a l  w ith  th e  developm ent o f  th e  
e x p e r im e n ta l a p p a ra tu s  w ith  Eq, 12 and  13 in  m ind, i . e .  have we l e f t
8a n y th in g  o u t  t h a t  we sh o u ld  n o t have and have we b ia s e d  th e  r e s u l t s  
in  any way by th e  m anner i n  w hich we co n d u c t th e  e x p e rim e n ts?  F or 
exam ple:
c a th o d e  s t r u c t u r e :  any g e o m e tr ic a l  dependence p r e s e n t?  A lso , 
can  any  new in fo rm a tio n  b e  c o l l e c t e d  a s  to  th e  d e p o p u la tio n  o f  e x c i­
te d  s t a t e s  by means o th e r  th a n  n e u t r a l  m o lecu le  c o l l i s i o n s ?
m a g n e tic  f i e l d :  th e  f i e l d  i s  n e c e s s a ry  to  i n i t i a t e  th e  d is c h a rg e
a t  low p r e s s u r e s . . .d o e s  i t  e f f e c t  th e  o b se rv e d  l i f e t i m e s  i n  a  s y s t e ­
m a tic  way?
quench ing  o r  a t t a c h in g  g a s : how b ig  a  r o l e  do re c o m b in a tio n
and a tta c h m e n t p la y ?
d is c h a rg e  v o l ta g e :  can  v a ry in g  th e  a p p l ie d  v o l ta g e  e f f e c t  th e
r e s u l t s  i n  any m anner?
co u n t r a t e :  does th e  d a ta  a c q u i s i t i o n  r a t e  have any e f f e c t  on th e
l i f e t i m e s ?
p r e s s u r e  dependence: i s  th e r e  a n y th in g  o th e r  th a n  th e  u s u a l  p r e s ­
s u re  dependence?
F u r th e r  d is c u s s io n  o f  th e  t r a n s i t i o n s  p r o b a b i l i t i e s  may b e  found 





The vacuum system  was b u i l t  to  in s u re  sam ple p u r i t y  and to
p ro v id e  v a r i a b le  flow  r a t e s  s in c e  th e  g ases  in te n d e d  f o r  s tu d y  w i l l
d i s s o c ia te  r a t h e r  e a s i l y .  The system  c o n s is t s  o f  two vacuum sy s­
tem s, one f o r  p u r i t y  and m a in ta in a n c e  o f  th e  b a se  p r e s s u re  ( 1 0  ^
t o r r )  and th e  second  f o r  th e  rem oval o f  th e  w a s te  g a s e s .  T h is  s e c ­
ond system  a llo w ed  f o r  s p e c ia l  h a n d lin g  o f  th e  SOg. F ig . 1 i l l u ­
s t r a t e s  th e  t o t a l  sy stem  and th e  dashed  l i n e  AA' in d ic a te s  th e  d iv i ­














Fig. 1. Vacuum System
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The m ain com ponents o f  th e  system  a re  d is c u s s e d  b e lo w . Both
th e  forepum ps a r e  s ta n d a rd  m e c h a n ic a l-o i l  ro u g h in g  pumps c a p a b le  o f
pumping 1 0 0  l i t e r s  p e r  m in u te  and have a  b a se  p r e s s u r e  o f  a p p ro x i-  
- 4m a te ly  10 t o r r .  These pumps w ere co n n ec ted  to  th e  P y rex  sy stem  v ia  
Tygon tu b in g . A l l  s to p c o c k s , in c lu d in g  th e  m ain s to p c o c k s  on th e  
pumps w ere o f  h ig h  vacuum q u a l i ty  w ith  pumpable b o r e s .  A piezon N 
vacuum g re a s e  was u sed  th ro u g h o u t th e  sy stem  and in  th e  f i n a l  v e r s io n ,  
no B lack Wax o r  G ly p to l was u se d .
The m ercury  d i f f u s io n  pump was a  two s ta g e  w a te r  co o led  Eck 
and Krebs w hich was i s o l a t e d  from  th e  m ain sy stem  by a  l i q u i d  n i t r o ­
gen t r a p .
P re s su re  i n  th e  sy stem  was m o n ito red  by two CVC ty p e  GTC-004 
therm ocoup les (TCI, TC2) and a  B a y a rd -A lp e rt ty p e  io n  gauge w hich 
w ere m a in ta in e d  by a  GIC-llOB gauge p a c k . The th e rm ocoup les w ere 
c a l ib r a t e d  f o r  each  gas w ith  th e  m ercury  McLeod gauge i n  a  s t a t i c  s y s ­
tem .
The gas sam p lin g  u n i t s  c o n s is te d  o f  M atheson r e s e a r c h  q u a l i ty  
P yrex  l i t e r  f l a s k s  o f  oxygen and h e liu m  w hich w ere used  in  th e  quench­
in g  e x p e r im e n ts , a  M atheson b o t t l e  o f  95% p u re  NO, a  l e c t u r e  b o t t l e  
o f  anhydrous s u l f u r  d io x id e  and a  s p e c ia l  n ip p le d  tu b e  ( s e e  F ig . 1) 
f o r  sodium  a z id e  w hich  p ro v id e d  h ig h  q u a l i ty  n i t r o g e n  a f t e r  t r e a tm e n t .
The f r i t t e r e d  g la s s  wash ta n k  p ro v id e d  a  means o f  d is p o s in g  o f  
th e  used  SO  ^ s a f e ly  w ith o u t dumping th e  w as te  gas o u t th e  window and 
a l s o  p re v e n te d  th e  gas from  coming in  c o n ta c t  w ith  th e  h o t  m ercury in  
th e  d i f f u s io n  pump.
12
The dosed  g a se s  w ere h an d led  i n  th e  u s u a l  manner w ith  th e  ex­
c e p t io n s  o f  th e  Ng and th e  SOg. To p ro d u ce  th e  th e  sodium  a z id e  
tu b e  was pumped down and g e n t ly  h e a te d  to  remove any m o is tu re .  The 
sy stem  was th e n  c lo s e d  o f f  and  h e a te d  v ig o ro u s ly  u n t i l  th e  NaN^ decom­
posed  in  a  m ilk y -g re y  c lo u d . T h is  c h a rg e  was th e n  used  a s  any 
s ta n d a rd  b o t t l e  o f  gas w ould b e ,  A gram  o f  NaN^ p ro d u ces  a p p ro x im a te ly  
one l i t e r  o f  n i t r o g e n  a t  one a tm o sp h e re .
When SOg was u se d , th e  ch a rg e  was dosed  in to  th e  sy stem  up to  
p o in t  B ' m aking s u re  t h a t  th e  s to p c o c k  a t  B was c lo s e d . L iq u id  n i t r o ­
gen was th e n  u sed  to  f r e e z e  th e  SO^ i n t o  th e  h o ld in g  t r a p  a t  C. A f te r  
f r e e z in g ,  th e  v a lv e  a t  B was opened and th e  r e s id u a l  g a se s  pumped o f f .  
The s to p c o c k  above C was c lo s e d  and th e  h o ld in g  t r a p  a llo w ed  to  warm 
up . The gas was th e n  a g a in  c o o led  w ith  l i q u i d  n i t r o g e n  and th e  s to p ­
cock above C opened and th e  r e s id u a l  g a se s  w ere a g a in  pumped o f f .  In  
t h i s  way, t r a c e  am ounts o f  d is s o lv e d  n i t r o g e n  w ere removed from  th e  
SOg sp e c tru m .
To use  th e  SO^, B was c lo s e d ,  B ' opened , D c lo s e d ,  D’ opened and 
th e  b y p ass  v a lv e  on th e  h o ld in g  t r a p  was c lo s e d .  The c o l l e c t i o n  t r a p  
a t  E was co o le d  to  l i q u i d  n i t r o g e n  te m p e ra tu re  and  th e  f i r s t  v a lv e  
above th e  h o ld in g  t r a p  opened . In  t h i s  m anner, f lo w in g  SO^ can b e  ob­
ta in e d  a t  p r e s s u re s  v a ry in g  from  0 .0 1 5  t o r r  to  0 .5 0 0  t o r r  f o r  up to  s i x  
h o u r s .  A f te r  th e  gas has  been  c o l l e c t e d ,  th e  c o l l e c t i o n  t r a p  i s  i s o ­
l a t e d  from  th e  r e s t  o f  th e  sy stem  by c lo s in g  D' and th en  a llo w ed  to  warm 
up to  room te m p e ra tu re .  Once warm, th e  t r a p  i s  back  f i l l e d  w ith  d ry  
n i t r o g e n  to  a tm o sp h e ric  p r e s s u re  and th e n  b le d  th ro u g h  th e  w a te r  t r a p .
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In  t h i s  f a s h io n ,  th e  SO^ i s  d is s o lv e d  by th e  w a te r  (3940 cc  o r  11 .28  
o f  SOg w i l l  d is s o lv e  i n  1 0 0  cc o f  w a te r)  and s u lfu ro n s  a c id  i s  p ro ­
duced , th e re b y  c o n ta in in g  th e  to x ic  gas i n  s o lu t i o n .  The c o l l e c t i o n  
t r a p  i s  th e n  roughed  o u t by th e  second  f o r e  pump to  e n su re  no w a te r  
g e ts  in t o  th e  m ain sy s tem , a f t e r  which i t  i s  pumped to  b a se  p r e s s u re  
by th e  m ain pumps.
The NO b o t t l e  was n o t  u sed  i n  t h i s  e x p e r im e n t.
B
E x c i ta t io n  E le c t ro n ic s  
The e x c i t a t i o n  e l e c t r o n i c s  In  t h i s  s e c t io n  w ere d es ig n ed  to  p roduce 
e s s e n t i a l l y  a sq u a re  p u ls e  o f  600 to  1500 V peak  and from 100 ns  to  a  
few m icroseconds d u ra t io n  a t  v a r ia b le  r e p e t i t i o n  r a t e s  from  60 Hz to  
3KHz w ith  f a l l  tim es on th e  o rd e r  o f  5 to  10 n s .  T h is has  been  accomp­
l i s h e d  In  much th e  same way as  d e s c r ib e d  by C opeland . However, th r e e  
o f  th e  c i r c u i t s  have been  a l t e r e d  to  a l lo w  f o r  a  more com plete energy  
t r a n s f e r  and f a s t e r  r e p e t i t i o n  r a t e s .  The m o d ified  c i r c u i t s  a r e :  
th e  h ig h  v o l ta g e  power su p p ly , th e  p u ls e  fo rm ing  g e n e ra to r  (PEG) and th e  
crow bar u n i t .  A l l  c i r c u i t s ,  how ever, w i l l  be  p re s e n te d  f o r  com ple te­
n e s s .
F ig .  2 shows th e  e s s e n t i a l  p a r t s  o f  t h i s  sy stem  In  b lo c k  form , 
th e  p rim ary  com ponents a r e  In  doub le  l i n e s .
The h ig h  v o l ta g e  power su p p ly . F ig . 3 , c o n s i s t s  o f  a  power l i n e  
tra n s fo rm e r  r a t e d  a t  35 KV-A, I . e .  w i l l  d e l iv e r  7000 v o l t s  a t  5 amps. 
T h is  u n i t  I s  n o rm a lly  o n ly  r e q u ir e d  to  p ro v id e  around  3 KV. The AC o u t­
p u t o f  t h i s  u n i t  I s  fed  v ia  h ig h  v o l ta g e  s ta n d o f f s  and h ig h  v o l ta g e  
c a b le  to  a s e p a r a te  u n i t  ( I n d ic a te d  by th e  dashed  l i n e  In  th e  f ig u r e )  
w here I t  I s  r e c t i f i e d  by th e  s i l i c o n  b r id g e  and fe d  to  a  14 y f  40KV 
o i l  f i l l e d  c a p a c i to r  w hich p ro v id e s  th e  main power f o r  th e  d is c h a rg e  
when fe d  th ro u g h  th e  p u ls e  form ing g e n e r a to r .  The s i l i c o n  r e c t i f i e r s  
shown In  th e  f ig u r e  c o n s i s t  o f  th r e e  d io d es  In  s e r i e s  (1 amp 4KV PIV ), 
each  o f  th e s e  In  p a r a l l e l  w ith  a  0 .005  y f  ceram ic  d is c  c a p a c i to r  and a
14
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F ig .  3: High V o lta g e  Power Supply
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5W IM r e s i s t o r  to  red u ce  th e  s p ik e  a m p litu d e s  in  th e  d io d e s  and to  p ro ­
v id e  a b le e d e r  c i r c u i t  to  g round . The 320K r e s i s t o r  p ro v id e s  a  b le e d  
to  ground on th e  14 y f c a p a c i to r  f o r  s a f e t y .
I n s te a d  o f  th e  80K lo a d  r e s i s t o r ,  th e  sy stem  now u ses  a  5K lo a d  
r e s i s t o r  (200W) w hich a llo w s  th e  14 y f  c a p a c i to r  to  re c h a rg e  a t  f a s t e r  
r e p e t i t i o n  r a t e s  (2 -3 K h z). T h is  in s u r e s  t h a t  th e  3C45 in  th e  PFG w i l l  
have s u f f i c i e n t  v o l ta g e  to  f i r e  e v e ry tim e  i t  i s  t r i g g e r e d  by th e  m a s te r  
f i r e  g e n e ra to r  (MFG).
The o u tp u t o f  t h i s  power su p p ly  i s  th e n  fe d  to  th e  PFG v ia  h ig h  
v o l ta g e  c a b le  to  h ig h  v o l ta g e  s ta n d o f f s .  T h is  u n i t ,  shown in  F ig .  4 , 
was found to  f u n c t io n  much more e f f i c i e n t l y  and a t  much h ig h e r  r e p e t i ­
t i o n  r a t e s  i f  th e  5000 d e v e lo p in g  r e s i s t o r  was r e p la c e d  by 470 (150W), 
th e  c h a r a c t e r i s t i c  im pedance o f  th e  3C45. T h is  sy stem  w i l l  f i r e ,  w ith ­
o u t m is s in g , f o r  r e p e t i t i o n  r a t e s  up to  3KHz, b u t  t h i s  te n d s  to  red u ce  
th e  u s a b le  l i f e t i m e  o f  th e  hydrogen  th y r a t r o n  c o n s id e ra b ly .  Conse­
q u e n t ly ,  a  r e p e t i t i o n  r a t e  o f  IKHz was g e n e r a l ly  u se d . The 2500 carbon  
r e s i s t o r  was com prised  o f  f o u r  IK ca rb o n  r e s i s t o r s  and  was u sed  to  r e ­
duce th e  in d u c ta n c e  o f  th e  sy s tem .
The t h i r d  c i r c u i t  m o d ifie d  was th e  crow bar u n i t .  T h is  was de­
s ig n e d  to  clamp o r  s h o r t  th e  RC decay p ro v id e d  by th e  PFG in to  a  sq u a re  
p u ls e  a t  v a r i a b le  tim es a f t e r  th e  in c e p t io n  o f  th e  p u l s e .  T h is  u n i t ,  
s e e  F ig .  5 ,  d id  j u s t  t h a t  w ith  a  f a l l  tim e from  5 to  10 n s. The crow bar 
was p la c e d  in  d i r e c t  p ro x im ity  w ith  th e  d is c h a rg e  tu b e  v ia  UHF connec­
t o r s  to  red u ce  s t r a y  in d u c ta n c e .  The d i f f e r e n t i a t e d  o u tp u t  was used  to  
p ro v id e  a  v o l ta g e  t r i g g e r  to  th e  tim e a m p litu d e  c o n v e r te r  (TAG) in  
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t h a t  t h i s  ' s t a r t '  p u ls e  had  some r a t h e r  s u b t l e  s t r u c t u r e  a s  shown in  
F ig , 6 . F u r th e r  e x p e r im e n ta tio n  in d ic a te d  th a t  i t  was t h i s  second 
f a l l ,  n o t  th e  f i r s t ,  w hich was th e  t r u e  c u t - o f f  o f  th e  glow d is c h a rg e  
(n o te  th e  s t a t i s t i c a l  n a tu re  o f  t h i s  second  p u ls e ) ,  and th a t  in  se v e re  
c a se s  o f  slow  c u t - o f f ,  e . g .  30+nsec, s e e  F ig . 7, t h i s  f i n e  s t r u c t u r e  
co u ld  v i t i a t e  th e  e x p e r im e n ta l r e s u l t s  s in c e  e i t h e r  o f  th e  p u ls e s  
co u ld  t r i g g e r  th e  TAG c lo c k  'o n ' .  T his th e n  a p p e a rs  as a  sm eared o n s e t 
o f  th e  decay as  shown in  F ig .  8 a  and 8 b , and can mask s h o r t  l i f e t i m e s  
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F ig , 8b was com piled  u s in g  th e  c u r r e n t  t r i g g e r  w hich i s  shown in  
th e  dashed  box in  F ig ,  5 , T h is  t r i g g e r  on ly  f i r e d  when th e  glow c u t­
o f f ,  and a l s o  c o in c id e d  w ith  th e  seco n d  p u ls e  o f  th e  v o l ta g e  t r i g g e r  
when sup erim p o sed . However, t h i s  c u r r e n t  t r i g g e r  c o u ld  n o t be  used  
w ith  c o n fid e n c e  a s  i t  a l t e r e d  th e  c u t - o f f  c h a r a c t e r i s t i c s  o f  th e  d i s ­
ch a rg e  and c o n se q u e n tly  b ia s e d  th e  o b se rv ed  l i f e t i m e s  f o r  l i f e t i m e s  
around 30 to  40 n an o seco n d s . I t  d id  show le g i t im a te  l i f e t i m e s  f o r  
f a s t  s t a t e s  how ever, a s  we checked th e  3^P (SOlôS) l e v e l  o f  He and 
th e  4P-^D °(465oS) l e v e l  o f  O il and found l i f e t i m e s  com patab le  w ith  
th o se  r e p o r te d  in  th e  l i t e r a t u r e  ( -1 0 n s ) ,  I t  sh o u ld  be s t r e s s e d  t h a t  
t h i s  prob lem  i s  o n ly  im p o r ta n t when m easuring  f a s t  l i f e t i m e s ,  i . e ,  on 
th e  o rd e r  o f  20 nanoseconds o r  f a s t e r .  For lo n g e r  l i f e t i m e s ,  even 
th o se  as  s h o r t  a s  40 n an o seco n d s, t h i s  d i s t o r t i o n  in  th e  le a d  chan­
n e l s  due to  f a l s e  s t a r t s  i s  o f  no co n sequence , ad d in g  o n ly  a  sm a ll
p e rc e n ta g e  o f  random e r r o r  to  th e  o b se rv ed  l i f e t i m e .
The c u t - o f f  c o u ld  b e  a l t e r e d  f o r  th e  above e x p e rim en t by v a ry ­
in g  th e  f i la m e n t  v o l ta g e  o f  th e  2D21 i n  th e  crow bar u n i t  from  8  to  16 
v o l t s ,  th e  h ig h e r  th e  f i la m e n t  v o l ta g e ,  th e  f a s t e r  th e  c u t - o f f  a p p e a re d . 
I t  was a l s o  found t h a t  th e  2D21 f i la m e n t  c o u ld  b e  in c re a s e d  to  a s  h ig h  
a s  24 Vdc b e fo re  th e  tu b e  b u rn ed  o u t .
The IK carbon  lo a d  r e s i s t o r  was a l s o  in s e r t e d  to  im prove c u t - o f f
3
c h a r a c t e r i s t i c s .  I t  was n o t ic e d  t h a t  w h ile  th e  C IT^  s t a t e  o f  gave
2 + +
th e  a p p ro p r ia te  l i f e t i m e ,  th e  B s t a t e  o f  d id  n o t .  F ig ,  9 a , b» 
show th e  o b se rv ed  decay cu rv es  f o r  th e s e  s t a t e s .  Note th e  p o o r f i t  i n
th e  le a d  ch an n e ls  f o r  th e  io n iz e d  m o le c u le . F ig ,  10 shows th e  same
22
sam ple e x c e p t w ith  a  500 ohm lo a d  r e s i s t o r .  Not o n ly  i s  th e  p la te a u  
re d u c e d , i . e .  th e  c u t - o f f  i s  t r u e l y  f a s t e r ,  th e  le a d  ch an n e ls  do n o t  
a p p e a r a s  d i s t o r t e d .  See a l s o  th e  s e c t i o n  on ca th o d e  i n s e r t s  f o r  f u r ­
th e r  d is c u s s io n  o f  t h i s  p rob lem .
The r e s t  o f  th e  c i r c u i t r y ,  th e  m a s te r  f i r e  g e n e ra to r  (MFG)
F ig .  11, th e  tim in g  and d e la y  g e n e ra to r  (TDG) F ig .  1 2 a , b ,  th e  two 
power s u p p l i e s ,  +27 and  +54 Vdc F ig .  13 , and +65 Vdc F ig .  14 a r e  a l l  
th e  same as  d e s c r ib e d  by  C opeland and a r e  in c lu d e d  f o r  c o m p le te n e ss . 
The ± 310 Vdc r e g u la te d  power su p p ly  was a  s u rp lu s  u n i t  m an u fa c tu red  
by th e  U. S. S c ie n ce  C o rp o ra tio n .
23
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Fig.  9b .  Decay cu rv e
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Fig.  10.  Decay c u r v e  f o r
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F ig .  13: +27 and +54 VDC Power Supply
c
D e te c tio n  System  
The ex p e rim en ts  d e s c r ib e d  i n  t h i s  p a p e r a r e  b a se d  on th e  p ro b ­
a b i l i t y  o f  o b se rv in g  a  p ho ton  o f  a p p r o p r ia te  w av e len g th  a f t e r  th e  
e x c i t a t i o n  system  h as  b een  tu rn e d  o f f ;  h e n c e , th e  te c h n iq u e  i s  known 
a s  d e lay ed  c o in c id e n c e  p h o to n  c o u n tin g . The sy stem  i s  shown in  b lo c k  
form  in  F ig ,  15 .
A ty p i c a l  e v e n t would p ro c e e d  as fo llo w s ; th e  e x c i t a t i o n  sy s ­
tem clam ps th e  d is c h a rg e  o f f ,  and th e  d i f f e r e n t i a t o r  p ro d u ces  a  p o s i ­
t i v e  and n e g a t iv e  s p ik e  c o in c id e n t  w ith  th e  o n - s e t  and c u t - o f f  o f  t h i s  
p u ls e .  The d i f f e r e n t i a t e d  s ig n a l  i s  s e n t  to  th e  ORTEC tim e to  am p li­
tude  c o n v e r te r  (TAG) a s  a  ' s t a r t *  s ig n a l ,  w here o n ly  th e  n e g a t iv e  s p ik e  
(minimum -250 mV and 5 n se c  fwhm) w i l l  s t a r t  th e  i n t e r n a l  c lo c k ,  and to  
th e  ORTEC d e la y  g a te  g e n e ra to r  (416A) w here th e  p o s i t i v e  s p ik e  i s  u sed  
to  g e n e ra te  a p o s i t i v e  lo g ic  p u ls e  (ap p ro x . 3V) w hich  i s  th e n  d e la y e d  
s u f f i c i e n t l y  to  c o in c id e  w ith  th e  c u t - o f f  o f  th e  e x c i t a t i o n  p u ls e  and 
s e rv e s  as  a  g a te  to  th e  TAG. T h is  in s u re s  t h a t  th e  sy stem  w i l l  n o t 
t r i g g e r  on from  th e  d i f f e r e n t i a t e d  p o r t io n  o f  th e  d is c h a rg e  p u ls e  
which i s  due to  th e  s t a t i s t i c a l  break-dow n o f  th e  glow d is c h a rg e  as 
shown in  F ig .  16 , The f i r s t  C an b erra  s c a l e r  p ro v id e s  th e  number o f  
tim es t h a t  th e  sy stem  i s  f i r e d  in  a  g iv en  e x p e r im e n ta l ru n .
A f te r  c u t - o f f  o f  th e  e x c i t a t i o n ,  th e  f i r s t  p h o to n  o f  a p p ro p r i­
a t e  w av e len g th  t h a t  th e  p h o to -d e te c t io n  sy stem  ' s e e s '  w i l l  p ro d u ce  a  
sh a rp  n e g a t iv e  p u ls e  (-8 0 0  mV, 6 n se c  fwhm) w hich i s  s e n t  to  th e  TAG
30
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F ig .  15; B lock  D iagram  o f  D e te c tio n  System
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Time
F ig .  16; Time Sequence o f  G ate P u ls e
a ) E x c i ta t io n  P u ls e
b ) D i f f e r e n t i a t e d  P u lse
c ) L ogic G ate P u lse
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a s  th e  ' s t o p '  s i g n a l .  The tim e  d e la y  from  th e  r e c e ip t  o f  th e  s t a r t  
p u ls e  u n t i l  th e  a r r i v a l  o f  th e  s to p  p u ls e  i s  th e n  c o n v e rte d  to  a  v o l­
ta g e  p u ls e  whose am p litu d e  i s  p r o p o r t io n a l  to  t h i s  tim e d e la y .  The 
o u tp u t from  th e  TAG i s  s e n t  to  a ND-1100 256 ch a n n e l m u ltic h a n n e l an ­
a ly z e r  (MCA) w here th e  am p litu d e  o f  th e  v o l ta g e  p u ls e  d e te rm in e s  i n  
w hich c h an n e l o f  th e  memory th e  s ig n a l  b e lo n g s .  T h is  p ro c e s s  i s  r e ­
p e a te d  s e v e r a l  hund reds o f  th o u san d s  o f  tim es  u n t i l  a p r o b a b i l i t y  de­
cay cu rv e  i s  d ev e lo p ed  w ith  s u f f i c i e n t  s t a t i s t i c s  f o r  a n a l y s i s .  The 
second C an b erra  s c a l e r  i s  u sed  to  d e te rm in e  th e  t o t a l  number o f  e v e n ts  
w hich com prise  a  g iv e n  e x p e r im e n t. T h is  i s  u s e f u l  in  d e te rm in in g  
d a ta  a c q u i s i t i o n  r a t e  c o r r e c t io n s .  See l a t e r  d is c u s s io n  o f  t h i s  p ro b ­
lem , C hap ter IV.
The C an b erra  r a t e  m e te r  (model 1481) p ro v id e s  an  o n - l i n e  a c ­
q u i s i t i o n  r a t e  w hich i s  u s e f u l  in  a d ju s t in g  th e  ex p erim en t to  a  g iv e n  
c o u n t r a t e .  The H e w le tt-P a c k a rd  m odel 1203 o s c i l lo s c o p e  p ro v id e s  a  
v i s u a l  m o n ito r o f  th e  decay  c u rv e s  as  th e y  a r e  a c q u ire d  and th e  ASR-33 
t e l e ty p e  p ro v id e s  p r in t e d  and punched p a p e r - ta p e  o u tp u t from  th e  MCA 
memory.
The t i m in g - c a l ib r a t i o n  p ro c e d u re s  u sed  in  th e s e  ex p e rim en ts  
a r e  i d e n t i c a l  to  th o s e  d e s c r ib e d  by C opeland . The tim in g  d e la y  c a b le s
a r e  l i s t e d  i n  T ab le  1 .
T ab le  1: Time d e la y  c a b le s
CABLE TIME DELAY (lisec )*
1 2 8 .0 * 0 .3 0
2 4 4 .0 * 0 .2 0
3 8 8 .0 9 * 0 .9 0
4 8 8 .7 * 0 .7 7
5 1 0 1 .4 * 0 .5 0
6 1 8 3 .2 * 1 .6
7 37 8 .5 * 2 .2
*
e r r o r s  a r e  one s ta n d a rd  d e v ia t io n
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The p h o to - d e te c t io n  system  f o r  th e s e  ex p e rim e n ts  c o n s is te d  o f  
th e  fo llo w in g  v a r io u s  p h o to m u l t ip l ie r s :  th r e e  RCA 8575*s, one 56TUVP
Amperex, and one 56DUP Amperex. These PM's w ere co u p led  to  an  ORTEC 
271 c o n s ta n t  f r a c t i o n  tim in g  b a s e .  I t  was found d u r in g  th e  e x p e r i ­
m ents t h a t  some r a t h e r  s u b t le  d i s t o r t i o n  o f  th e  d a ta ,  and some n o t 
so s u b t l e  d i s t o r t i o n ,  stemmed from  th i s  sy s tem . The b l a t a n t  d i s t o r ­
t io n s  w ere o b se rv ed  w ith  th e  RCA 8575*s w hich v a r ie d  in  age b u t  f o r  
th e  m ost p a r t  w ere o ld e r  th a n  f iv e  y e a r s .  These tu b e s  would e x h i b i t  
u n u s u a lly  h ig h  n o is e  l e v e l s  ( g r e a te r  th a n  2 0 %) w hich th e  com puter 
had  d i f f i c u l t y  i n  a n a ly z in g ;  I t  co u ld  n o t t e l l  i f  th e  n o is e  l e v e l  was 
l i n e a r  o r  e x p o n e n t ia l  in  n a tu re  and  f r e q u e n t ly  f a i l e d  to  g iv e  any 
u s a b le  a n a ly s i s  on known m o le c u la r  l i f e t i m e s .  A lso , when th e  same 
d a ta  was c o l l e c t e d  on a  lo n g e r  tim e s c a le  (800 n se c  in s te a d  o f  400 
n se c )  th e  p r o b a b i l i t y  decay cu rv es  w ould e x h i b i t  a  r a t h e r  i n t e r e s t i n g  
p la te a u  around  350nsec a s  shown in  F ig .  17 . T h is  phenomenon can  b e  
e x p la in e d  by c o n s id e r in g  ’a f t e r p u l s e s ’ produced  in s id e  th e  p h o to tu b e s  
by io n iz e d  p e r fu s e d  h e liu m  w hich d r i f t s  b ack  to  th e  c a th o d e , p ro d u c in g  
a  b u r s t  o f  seco n d ary  e l e c t r o n s  d e lay ed  in  tim e from  th e  p a re n t  p rim ary  
e l e c t r o n  (d e la y e d  tim e  due to  d r i f t  v e l o c i ty  o f  th e  i o n s ) .  T h is  e f f e c t  
p r im a r i ly  cau ses  an in c re a s e  i n  th e  o b se rv ed  l i f e t i m e  as w e ll  a s  an  in ­
c re a s e  in  th e  n o is e  l e v e l .  F or exam ple, th e  o b se rv ed  decay o f  th e
3
C s t a t e  o f  Ng w ith  an  im p ro p erly  fu n c t io n in g  PM was found to  be  
4 4 n sec , w h ile  th e  same s t a t e  w ould be o b se rv ed  w ith  a  l i f e t i m e  o f  
3 8 .5 n se c  w ith  a  p ro p e r ly  d u n c tio n in g  PM. W hile t h i s  may n o t  seem v e ry  
im p o r ta n t ,  b e in g  o n ly  an e r r o r  o f  15%, i t  i s  a  s y s te m a tic  e r r o r  and  i t  
w ould te n d  to  make i t  v e ry  d i f f i c u l t  to  a n a ly z e  p ro p e r ly  a  decay on th e  
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F ig ,  17; D is to r te d  Decay Curve Due to  F a u lty  PM
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T his  p rob lem  can  re a c h  e x tre m e s . I . e .  th e  PM can  c o n ta in  so
20much p e r fu s e d  h e liu m  t h a t  dynode b u r s t s  a r e  a l s o  s e e n . These te n d  
to  v i t i a t e  th e  r e s u l t s  in  th e  o p p o s i te  s e n s e ,  in  t h a t  th ey  te n d  to
produce l i f e t i m e s  t h a t  a re  to o  s h o r t .  One o f  th e  RCA 8575’s ,  f o r  e x -
3 2 +am ple, p roduced  in v a l id  l i f e t i m e s  f o r  b o th  th e  C and th e  B
s t a t e s  o f  and o f  20 n sec , in d e p e n d e n t o f  p r e s s u r e .  Both th e s e  
p ro b lem s, th e  a f t e r p u l s e s  and th e  dynode b u r s t s ,  can  be e x p la in e d  
w ith  th e  a id  o f  F ig . 18 . T race  ' a ’ r e p r e s e n ts  th e  t r u e  r a d i a t i v e  
decay  o f  th e  e x c i te d  s o u rc e . Note th e  a p p a re n t RC decay o f  th e  e q u i­
l ib r iu m  re g io n  b e fo re  c u t - o f f .  T h is  fo llo w s  th e  decay  o f  th e  e x c i t a ­
t i o n  p u ls e  and i s  in s tru m e n ta l  in  p ro d u c in g  th e  p la te a u  a p p a re n t in  
F ig . 17. T race 'b '  r e p r e s e n ts  th e  b u ild u p  o f  a f t e r p u l s e s  w ith  a  tim e 
d e la y  o f ap p ro x im a te ly  350nsec a f t e r  c u t - o f f .  The decay o f  th e s e  
p u ls e s  a f t e r  t h i s  350nsec d e la y  i s  n o t e x p o n e n t ia l  b u t g a u s s ia n  due to  
th e  t i m e - o f - f l i g h t  s t a t i s t i c s ,  and makes a n a ly s is  o f  t h i s  d a ta  u t t e r l y  
m is le a d in g .
T race  * c ' r e p r e s e n ts  th e  l i g h t  cu rve  o b ta in e d  f o r  th e  dynode 
b u r s t s  and i s  e s s e n t i a l l y  th e  same as  t h a t  above f o r  th e  a f t e r p u l s e s  
e x c e p t t h a t  th e  tim e o f  f l i g h t  to  th e  dynodes i s  o n ly  on th e  o rd e r  
o f  1 5 -2 0 n sec . These dynode b u r s t s  can  be v e ry  annoying  in  t h a t  th e y  
p ro v id e  th e  same 'l i f e t i m e * ,  i . e .  2 0  n s e c , r e g a r d le s s  o f  th e  l i g h t  
s o u rc e .  T h is w ould o f  co u rse  make f o r  easy  r e c o g n i t io n  i f  i t  w ere n o t  
f o r  th e  f a c t  t h a t  t h i s  d i s t o r t i o n  i s  l i g h t  s e n s i t i v e ,  in  t h a t  w ith o u t 
th e  l i g h t  so u rce  p r e s e n t ,  th e  PM ap p ea rs  n o is e  f r e e .  C o n seq u en tly , an 







F ig .  18: L ig h t Curve Com postion D uring  And
A f te r  E x c i ta t io n  P u lse  C e s s a tio n
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w ould n o t  be re c o g n iz e d  as  f a l s e .  F o r a  com ple te  d is c u s s io n  o f  t h i s  
s u b je c t ,  see  r e f .  2 0 .
A no ther ty p e  o f  PM r e l a t e d  d i s t o r t i o n  i s  cau sed  by u n d e rv o lt in g  
th e  PM dynode c h a in .  A lthough  t h i s  e f f e c t  does cau se  s h o r te r  a p p a re n t 
l i f e t i m e s ,  i t  does so  i n  a  much d i f f e r e n t  manner th a n  th e  dynode b u r s t s .  
W hile th e  dynode b u r s t s  g iv e  a  c o n s ta n t  20nsec  decay c u rv e , r e g a r d le s s  
o f  th e  d ecay in g  s o u rc e , th e  u n d e rv o lte d  PM p roduces an a p p a re n t tw o- 
e x p o n e n t ia l  d ecay ; th e  ’ c o r r e c t '  decay cu rve  p lu s  a  f a s t  com ponent w hich
a p p e a rs  to  depend on th e  r a d i a t i n g  s o u rc e .  Examples o f  two such  cu rv es
3 2 +  +a re  p re s e n te d  f o r  th e  C and B s t a t e s  o f  and in  F ig .  19,
2 0 . In c r e a s in g  th e  dynode v o l ta g e  e l im in a te s  t h i s  p rob lem .
S ince  th e  Amperex 56DUP does n o t  have a  q u a r tz  window, a  p i l o t  
'B ' s c i n t i l l a t o r  was p la c e d  in  f r o n t  o f  th e  window f o r  a l l  UV w ork.
T h is  was acco m p lish ed  by  u s in g  Dow-Com ing 20-057 O p tic a l  C oupling  Com­
pound a s  a  g lu e  to  a f i x  th e  s c i n t i l l a t o r  d i r e c t l y  on th e  fa c e  o f  th e  PM 
window. T e s ts  w ith  and w ith o u t i t  showed th e  c o u p le r  to  be f r e e  o f  
o b je c t io n a b le  c h a r a c t e r i s t i c s  such  as  f lo u r e s e n c e .
T h is  t o t a l  sy stem  c o u ld  be a d a p te d  to  s p e c t r a l  i n v e s t i g a t io n  by 
u s in g  th e  MCA i n  th e  m u l t i s c a le  (MS) mode in s te a d  o f  th e  p u ls e  h e ig h t  
a n a ly s i s  (PHS) mode. The MS mode a llo w ed  a  sp ec tru m  to  b e  o b ta in e d  
b a se d  on th e  tim e d ependen t r e l a t i v e  i n t e n s i t y  o f  em iss io n  l i n e s .  The 
channel d w ell tim e o f  th e  MCA in  th e  MS mode was v a r i a b l e  b u t  was u s ­
u a l ly  o p e ra te d  a t  800 y s /c h a n n e l .  F ig .  21 i s  an exam ple o f  th e  ty p e  o f  
s p e c t r a  o b ta in a b le  w ith  t h i s  sy stem .
One o th e r  means o f  o b ta in in g  s p e c t r a  was a v a i l a b l e .  By u s in g  
a  ND E nhancetron  1024 m u l t i s c a l e r ,  much more d e t a i l e d  s p e c t r a  w ere
39
p o s s i b le .  T h is  was a c h ie v e d  by r e p la c in g  th e  MCA in  F ig .  15 w ith  th e  
E n h an ce tro n . The o u tp u t  was p lo t t e d  v ia  an X-T H ew le t-P ackard  r e c o r d e r  
and a  sam ple i s  shown in  F ig .  22.
c/9
Channel No
F ig .  19: Decay Curve C W ith U ndeirvo lter PM
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(1,1) ( 0 ,0)  (2,5)
3 9 4 3 A
(0 ,2)(3 ,6)  (2 ,4)
3 6 7 2 Î
• / 1
(3 .3 ) ( 2,3) (1 ,2)  (0,1)
4Nro
3 3 7 1 1 3 5 7 7 Î
F ig ,  21; Ms S p e c tra  f o r  N^: 3300 -  4000&
( 0 , 3 ) ( 0 ,1 )
( 0 , 3 )  
2 5 9 0  K
( 0 , 2 )
NO
w
F ig ,  22: 1024 ND E n h an c e tro n  S p e c tra  F o r N^t 2270 -  2590 £
D
D isc h a rg e  Tube
G. E. C opeland d ev e lo p ed  th e  c o ld  ca th o d e  in v e r t r o n  i n  1970 f o r  
th e  e x p l i c i t  a p p l i c a t io n  to  e a s i l y  d i s s o c ia te d  p o ly a to m ic  m o lecu le s  
and th o s e  w hich te n d  to  p o iso n  o x id e  c o a te d  h e a te d  c a th o d e s . A com­
p l e t e  d e s c r ip t io n  o f  th e  a p p a ra tu s  can  be found i n  r e f .  1 and 21 . The 
f i r s t  p a r t  o f  t h i s  ex p e rim en t was in te n d e d  to  v a l id a t e  and im prove th e  
a c c u ra c y  o f  t h i s  in s t ru m e n t .
In  i t s  p r e s e n t  fo rm , th e  in v e r t r o n  i s  e s s e n t i a l l y  th e  same as 
C op e lan d ’s a l th o u g h  i t  h as  b een  m o d if ie d  to  a llo w  f o r  e x p e r im e n ta tio n  
to  in s u r e  t h a t  g e o m e tr ic a l  f a c t o r s  have  n o t  b ia s e d  th e  e x p e r im e n ta l 
r e s u l t s .  F ig u re  23 i l l u s t r a t e s  th e  m o d ified  sy stem . The d im ensions 
o f  th e  s t a i n l e s s  s t e e l  in v e r t r o n  a r e  ap p ro x im a te ly  seven  in c h e s  lo n g  
by th r e e  in c h e s  o u te r  d ia m e te r  and  two and a  h a l f  in c h e s  in n e r  diam e­
t e r  a t  th e  c o n s t r i c t i o n .  The u p p er i n l e t  s e rv e s  as  th e  main pumping 
p o r t  and as th e  flow  e n tra n c e  p o r t  d u r in g  e x p e r im e n ta t io n . T h is  p o r t  
f i t s  8mm p y rex  tu b in g  to  f a c i l i t a t e  p rim ary  e v a c u a tio n . The low er p o r t  
i n  th e  f ig u r e  i s  f o r  gas e x h a u s t d u r in g  th e  flow  ru n s .
The window i s  a fu se d  q u a r tz  d is c  th r e e  in c h e s  i n  d ia m e te r  and 
a  q u a r te r  in c h  th i c k  w hich was san d w itch e d  betw een two v i to n  'O ’ r i n g s .  
The p y re x  b a c k in g  p l a t e  f a c i l i t a t e d  c le a n in g  th e  in s tru m e n t and  se rv e d  
a s  an  i n s u l a t i n g  p l a t e  to  th e  b a c k  w a l l  o f  th e  d is c h a rg e  tu b e .
The anode i s  a  s t a i n l e s s  s t e e l  ro d  e ig h t  and th r e e  q u a r te r s  
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T eflo n  s le e v e s  f o r  e l e c t r i c a l  i n s u l a t i o n  as  shown. The ca th o d e  in ­
s e r t s  a re  n o rm ally  alum inium  c y l in d e r s  w hich v a r ie d  in  d ia m e te r  and 
c o n f ig u ra t io n  as  w i l l  be d is c u s s e d  i n  th e  n e x t s e c t io n .
E
Cathode S t r u c tu r e  
I t  i s  v e ry  im p o rta n t t h a t  th e  e l e c t r o n i c s  u sed  i n  a  g iv e n  ex­
p e rim e n t do n o t b i a s  th e  r e s u l t s  o f  t h a t  e x p e r im e n t, o r  i t  th e y  do, 
i t  i s  im p o r ta n t to  know, a t  l e a s t ,  how and p r e f e r a b ly  why. T h is  s e c ­
t i o n  i s  in te n d e d  to  co v er th e  developm ent o f  th e  ca th o d e  s t r u c t u r e s  
used  in  o u r ex p e rim e n ts  and to  answ er th e  q u e s t io n  o f  e x p e r im e n ta l 
b ia s  due to  th e  glow d is c h a rg e .
The c o ld  ca th o d e  in v e r t r o n  i s  a  glow d is c h a rg e  d e v ic e  w hich 
depends on e l e c t r o n  c o l l i s i o n s  to  p roduce  th e  e x c i te d  m o le c u la r  s t a t e s  
o f  i n t e r e s t  f o r  s tu d y .  F ig .  24 i l l u s t r a t e s  th e  p rim ary  p a r t s  o f  th e  
glow in  c y l i n d r i c a l  geom etry .
The f i r s t  p a r t  o f  t h i s  s tu d y  was in te n d e d  to  d e te rm in e  i f  th e  
s i z e  (d ia m e te r)  o r  th e  geom etry o f  th e  c a th o d e  s t r u c t u r e  e f f e c t e d  th e  
o b se rv ed  l i f e t i m e s  i n  any way. A lso , a l a r g e r  d ia m e te r  ca th o d e  would 
a llo w  u s  to  work a t  low er p r e s s u re s  s in c e  P a s c h e n 's  law in d i c a te s  t h a t  
th e  a p p l ie d  v o l ta g e  n e c e s s a ry  to  i n i t i a t e  a glow i s  governed  by th e  
p ro d u c t o f  p r e s s u r e  tim es  d ia m e te r  (p d ) .  T h is  in c re a s e d  s e p a r a t io n  o f  
th e  anode and th e  ca th o d e  sh o u ld  r e q u i r e  a  s l i g h t l y  l a r g e r  a p p l ie d  v o l t ­
age to  s u s t a in  th e  d is c h a rg e  and th e  p o s i t i v e  glow sh o u ld  expand to  f i l l
23th e  l a r g e r  r e g io n  w h ile  th e  n e g a t iv e  glow sh o u ld  rem ain  u n a l te r e d  .
An in c r e a s e  in  th e  ca th o d e  d ia m e te r  w ould a ls o  red u ce  th e  e f f e c t  
o f d i f f u s io n  i n  th e  sy s tem . C o n sid e r f o r  exam ple th e  fo llo w in g  s im p l i­
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F ig .  24 ■ Glow r e g io n  o f  d is c h a r g e  tube ( c y l i n d r i c a l  
g e o m e tr y ) .
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dNk _ 2
dT = \  18
2
w here V w i l l  be  e x p re s se d  in  c y l i n d r i c a l  c o o rd in a te s  and we assum e 
no a x i a l  o r  a n g u la r  dependence o f  th e  e x c i te d  m o le c u la r  d e n s i ty ,  i . e .  
a  un ifo rm  d i s t r i b u t i o n  e x i s t s  a lo n g  th e  le n g th  o f  th e  d is c h a rg e .  We 
th e n  have
= R (r)  T ( t )  19
and by u s in g  th e  s e p a r a t io n  c o n s ta n t  -  p ^ , we f in d




+ ra# + * = 0
w hich has th e  g e n e ra l  s o lu t io n
= C exp {-(p^+A +N ^av)t} (p r /Æ ~ ) 21
w here i s  th e  z e ro  o rd e r  B e s s e l f u n c t io n .  A f te r  im posing  th e  bound­
a ry  c o n d i t io n s  (a = ra d iu s  o f  d is c h a rg e  tu b e )
t  = 0
= N^(0 ) r< a
N, = 0 r> ak
we f in d  t h a t  th e  e f f e c t  o f  d i f f u s io n  on th e  sy stem  i s  th e  a d d i t io n  o f  
2 2
A = (2 .4 0 5 /a )  D in  th e  e f f e c t i v e  t r a n s i t i o n  p r o b a b i l i t y ,  i . e .  an  e f ­
f e c t i v e  d e c re a se  in  th e  t r u e  l i f e t i m e ,  as  shown below .
A’ = A + N ov  + A  ^ 22o
T h is  im p lie s  t h a t  a s  th e  s e p a r a t io n  o f  th e  e le c t r o d e s  i n -
2 2 c r e a s e s ,  th e  e f f e c t  o f  t h i s  te rm , A , d e c re a se s  as  1 / r  . As t h i s
3
e f f e c t  was r e p o r te d ly  sm a ll f o r  th e  h o t  ca th o d e  in v e r t r o n  , i t  
sh o u ld  be even  s m a l le r  f o r  th e  la r g e  c o ld  ca th o d e  in v e r t r o n .
50
I t  was th e r e f o r e  v e ry  s u r p r i s in g  to  f in d  t h a t  n o t o n ly  was
th e re  an e f f e c t  when th e  l a r g e r  ca th o d e  was u sed , b u t  th e  e f f e c t  w ent
2 +th e  wrong w a y ll l  Longer l i f e t im e s  w ere o b se rv e d , e . g .  B Zu s t a t e s  
o f  Ng w ere o b se rv ed  a t  f a l s e  l i f e t i m e s  a s  lo n g  as llO n s e c , w hich 
when o b serv ed  a t  com parable p r e s s u re s  in  th e  sm a ll ca th o d e  system  
w ere on ly  SOnsec (u n c o rre c te d  f o r  p re s s u re  d ep endence).
T h is co u p led  w ith  th e  f a c t  th a t  as th e  p re s s u re  was d e c re a se d  
t h i s  e f f e c t  became even more pronounced le d  to  th e  c o n c lu s io n  th a t  
t h i s  problem  had to  do w ith  im proper f i e l d  quench ing  a f t e r  th e  e x c i­
t a t i o n  v o l ta g e  was clam ped o f f .  T hat i s ,  w ith  l a r g e r  c a th o d e s , a 
l a r g e r  s u r f a c e  a r e a  was a v a i la b le  to  produce e le c t r o n s  w h ile  in s u f ­
f i c i e n t  means w ere p r e s e n t  to  sweep th e s e  a d d i t io n a l  e l e c t r o n s  o u t 
o f th e  e x c i t a t i o n  re g io n  where th e y  w ere c o n tin u in g  to  p roduce ex­
c i t e d  m o lecu les  a f t e r  th e  f i e l d  was su p p o se d ly  tu rn e d  o f f .  Conse­
q u e n tly ,  w h ile  th e  c u t - o f f  ap p ea red  to  be  lO nsec on th e  m o n ito r , i t  
was p ro b ab ly  a s  lo n g  as  SOnsec, o r  lo n g e r .
T his c o n c lu s io n  seems to  be b o m  o u t by th e  fo llo w in g  e x p e r i­
m en ts . A ro d  s t r u c t u r e  was in s e r t e d  j u s t  in s id e  th e  ca th o d e  s h e l l ,  
in  e l e c t r i c a l  c o n ta c t  w ith  th e  ca th o d e  as  shown in  F ig . 25 . T h is 
s t r u c t u r e  d id  in d e e d  b r in g  th e  o b se rv ed  l i f e t i m e s  back  down to  50 
n sec  a t  th e  a p p r o p r ia te  p re s s u re  b u t a  v e ry  lo n g  p la te a u  now e x is te d  
as  shown in  F ig . 26 . I t  was found th a t  rem oval o f  ev e ry  o th e r  rod  
in  th e  ca th o d e  s t r u c t u r e  made th e  p la te a u  tw ice  as  lo n g  as b e f o r e .
I f  t h i s  p la te a u  was in d eed  due to  i n s u f f i c i e n t  e l e c t r o n  c o l l e c t i o n ,  i t  
seemed re a s o n a b le  to  e x p e c t an  in c re a s e  in  th e  d u ra tio n  o f  th e  d i s ­
ch a rg e  p u ls e  would p roduce a  s im i la r  r e s u l t .  F ig . 27 in d i c a te s  th a t  




ROD END PLATE 
PARALLEL RODS
ANODE
F ig .  25 P a r a l l e l  rod cath od e  c o n f ig u r a t io n
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F ig . 26: E f f e c t  o f th e  P a r r a l le l - R o d  Cathode on th e  A pparen t
C u t-O ff o f  th e  Decay C urve.
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Time F ig .  27; E f f e c t  o f  th e
D isch a rg e  P u lse  D u ra tio n -  
on th e  Decay Curve P la te a u
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P u l s e  D ura t ion  ( u s e e )
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As a r e s u l t  o f  t h i s  s tu d y ,  i t  was d e te rm in e d  t h a t  th e  ca th o d e  
s t r u c t u r e  m ust acco m p lish  two e n d s . . . f i r s t ,  i t  m ust be a b le  to  p ro ­
duce s u f f i c i e n t  e l e c t r o n s  to  m a in ta in  th e  glow  d is c h a rg e ,  and seco n d , 
i t  m ust be a b le  to  r e t r i e v e  th o se  e l e c t r o n s  r a p id ly  (lO nsec o r  b e t ­
t e r )  when clam ped o f f .  The p a r a l l e l  ro d  s t r u c t u r e  and a  l a t e r  d e v e l­
oped h e l ic a l ly - g r o o v e d  s t r u c t u r e  acc o m p lish e d  t h i s  end  in d e p e n d e n t 
o f  t h e i r  la rg e  s u r f a c e  a re a s  needed  f o r  e l e c t r o n  p ro d u c tio n  by th e  
p re se n c e  o f  s h o r t  r a d iu s  f i e l d  p o in t s  (ro d s  o r  h e l i x  c o m e r s )  n e a r  
th e  ca th o d e  to  p ro v id e  s t r o n g  r e t r i e v a l  f i e l d  l i n e s .
T h is  p rob lem  i s  a l s o  r e l a t e d  to  th e  a b i l i t y  o f  th e  e l e c t r o n ­
ic s  to  p ro v id e  s u f f i c i e n t  c u r r e n t  on demand to  g iv e  com plete  c u t - o f f .  
T h is  i s  a sm a ll p rob lem  b u t  i s  p ro b a b ly  r e s p o n s ib le  f o r  th e  sm a ll 
am p litu d e  o s c i l l a t i o n s  p r e s e n t  in  th e  com puter a n a ly z e d  d a ta  ( i t  was
p r e s e n t  in  th e  hand a n a ly z e d  d a ta  a l s o ,  b u t  i s  n o t  a s  n o t i c a b l e ) .
2 +F ig .  28a, b ,  a r e  decay cu rv es  ta k e n  on B w here o n ly  th e  crow bar 
c i r c u i t r y  was a l t e r e d .  T h is  may in d i c a t e  an  i n t e r e s t i n g  phenomenan 
as  t h i s  e f f e c t  was a lw ays s t r o n g e r  f o r  th e  B s t a t e  o f  th an  f o r
3
th e  n e u t r a l  m o le c u la r  s t a t e  C n ^ . T h is  may in d i c a t e  a  fo rc e d  d i f f u -
+
s io n  (o r  f i e l d  d i f f u s io n )  o f  th e  m o lecu le s  as t h e i r  l i f e t i m e s  seem 
to  be reduced  v e ry  s l i g h t l y  i n  th e  le a d  c h a n n e ls ,  w h ile  th e  ' t r u e '  
l i f e t i m e  i s  s t i l l  p r e s e n t  in  th e  l a t e r  c h a n n e ls  o f  th e  e x p e rim e n t.
A no ther i n t e r e s t i n g  f a c t  from  th e s e  s tu d ie s  was th e  o v e r a l l  
e f f e c t  o f  th e  v a r io u s  ca th o d e  d ia m e te rs  on th e  o b se rv ed  l i f e t i m e s  as 
i l l u s t r a t e d  i n  F ig .  29 . T h is  p l o t  r e p r e s e n t s  th e  d a ta  a c q u ire d  from  
th e  o r i g i n a l  s m a ll  smooth c a th o d e , th e  la rg e  d ia m e te r  p a r a l l e l - r o d  
ca th o d e  and th e  la r g e  d ia m e te r  h e l ic a l - g r o o v e  c a th o d e . N ote t h a t
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w h ile  t h e i r  s lo p e s  a re  q u i t e  d i f f e r e n t ,  t h e i r  ze ro  p r e s s u r e  in t e r c e p t s  
a r e  q u i t e  s i m i l a r .
T h is in d i c a te s  t h a t  th e  form  o f  Eq. 16, C h ap te r I ,  i s  in c o m p le te ;
i . e . ,
A' = EA, + N <v>Eo, 16n  Kn o n kn
does n o t  d e s c r ib e  th e  cu rv es  p ro p e r ly .  F or a  g iv en  p r e s s u r e ,  e x c i t a ­
t i o n  v o l t a g e ,  e t c . ,  th e  o n ly  f a c t o r  changed i n  th e s e  e x p e rim e n ts  was 
th e  ca th o d e  geom etry . T h is  can o n ly  a l t e r  th e  e l e c t r o n  c o n c e n tr a t io n .
The d i f f e r e n t  ca th o d es  have d em o n stra ted  v a ry in g  e f f i c i e n c i e s  f o r  
sw eeping  th e  e l e c t r o n s  from  th e  a c t iv e  re g io n  o f  th e  e x c i t a t i o n  tu b e  
( e .g .  F ig .  26) and  th e  e x c i t a t i o n  p u ls e  d u ra t io n  h as  a l s o  been  shown 
to  e f f e c t  th e  decay cu rv es  (F ig .  2 7 ) . These ex p e rim e n ts  p o in t  to  r e ­
s id u a l  e l e c t r o n  c o n c e n tr a t io n s  w hich m ust be a c c o u n te d  f o r .
By c o n s id e r in g  th e  re c o m b in a tio n  and a tta c h m e n t lo s e s  g iv e n  in  
Eq. 12 , C h ap te r  I ,  we h av e ,
dN
dT = - \i\n  -“rW ""aVk' "
However, we can a lm o s t d is c o u n t th e  a tta c h m e n t te rm  o u t o f  hand s in c e
p u re  n i t r o g e n  does n o t  a t t a c h  e l e c t r o n s .  A ir  on th e  o th e r  hand w i l l
a t t a c h ,  w ith  an a t ta c h m e n t c o e f f i c i e n t  o f  a  = 6 .3  X 10 ^ s e c ,^ ^'  a
C o n seq u en tly , a  le a k y  vacuum sy stem  may r e q u i r e  t h i s  f a c t o r  to  be i n ­
c lu d e d .
E le c tro n  re c o m b in a tio n  m igh t a p p e a r a s  a q u e s t io n a b le  f a c t o r
-1 4s in c e  th e  c a l c u la te d  re c o m b in a tio n  c o e f f i c i e n t  i s  on th e  o rd e r  o f  1 0
3 "*8 3cm / s e c .  However, t h i s  v a lu e  h as  b een  o b se rv ed  much l a r g e r  (10 cm /
23
se c )  f o r  c a se s  when th e  tim e  f o r  th e  d is p o s a l  o f  th e  re c o m b in a tio n
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en erg y  i s  much s h o r t e r  th a n  th e  a v e ra g e  l i f e  o f  an  e x c i te d  m o le c u le .
The d i s s o c ia t io n  o f  a  m o lecu le  w i l l  o c c u r  w ith in  a  tim e i n t e r v a l  o f  
*"X3one v ib r a t io n  (10 s e c )  and  a c c o rd in g  to  th e  Frank-Condon r u l e ,  th e  
e l e c t r o n  changes from  one s t a t e  to  a n o th e r  in  an e x c i te d  m o lecu le  
w i th in  a  tim e w hich i s  n e g l ig ib l e  com pared to  t h i s  v i b r a t i o n .  T h is  
w ould seem to  im ply  t h a t  d i s s o c i a t i v e  re c o m b in a tio n  m igh t th e n  be  
an  im p o r ta n t f a c t o r .  Von E ngel^^  s t a t e s  t h a t  t h i s  d i s s o c i a t i v e  r e ­
co m b in a tio n  c o e f f i c i e n t  i s  p r o p o r t io n a l  to  th e  p r e s s u r e .  W ith t h i s  
in  m ind, and u s in g  th e  a ssu m p tio n  t h a t  a f t e r  c u t - o f f  o f  th e  d i s ­
ch a rg e  tu b e ,  w ith  o n ly  th e  e x t e r n a l  m ag n e tic  f i e l d  to  in f lu e n c e  them , 
e l e c t r o n s  and io n s  sh o u ld  b e  in  a  f a i r l y  e q u a l c o n c e n tr a t io n ,  c o n s ta n t  
w ith  r e s p e c t  to  th e  nanosecond  decays o f  th e  e x c i te d  s t a t e ,  we w i l l  
have
N k (t)  .  1)^ (0 ) exp + N^£<vc>k„> ^4
So, in s te a d  o f  d e p o p u la tio n  by c o l l i s i o n  w ith  n e u t r a l s  o n ly ,  
we sh o u ld  a l s o  in c lu d e  th e  d e p o p u la tio n  by c o l l i s i o n  w ith  e l e c t r o n s  
i n  th e  form  o f d i s s o c i a t i v e  re c o m b in a tio n . The d a ta  w ould th e n  im ply 
th a t  th e  smooth ca th o d e  i s  v e ry  i n e f f i c i e n t  in  rem oving th e  e l e c t r o n s  
a f t e r  c u t - o f f ,  w h ile  th e  h e l i x  ca th o d e  and th e  p a r a l l e l - r o d  ca th o d e  
a r e  much more e f f e c i e n t .  T h is  i s  an a d d i t iv e  f a c t o r ,  l i n e a r  i n  p r e s ­
s u re  and  c o n se q u e n tly  i t  w i l l  n o t  d e t r a c t  from  th e  v a l i d i t y  o f  th e  
e x p e r im e n t.
F
M agnetic  F ie ld
The c o ld  ca th o d e  in v e r t r o n  d is c h a rg e  tu b e  i s  a  glow d is c h a rg e  
tu b e  w hich r e l i e s  on e l e c t r o n  im pact on th e  t a r g e t  gas f o r  e l e c t r i ­
c a l  breakdow n. T h is  i s  a t  b e s t  a  s t a t i s t i c a l  p ro c e s s  and in  a  f ix e d  
d ia m e te r  tu b e  P a s c h e n 's  Law l i m i t s  th e  t a r g e t  gas p r e s s u r e .
In  o rd e r  to  prom ote th e  breakdow n a t  low er p r e s s u r e s ,  one needs 
to  f in d  a  means o f  a r t i f i c a l l y  in c r e a s in g  th e  e l e c t r o n - t a r g e t  c o l l i ­
s io n  f re q u e n c y . T h is can b e  done by a p p ly in g  a c o a x ia l  m agnetic  f i e l d  
to  th e  d is c h a rg e  tu b e  as  Copeland d id .  (s e e  a l s o  r e f .  25 , 26, 27)
T h is  cau ses  th e  e l e c t r o n s  to  s p i r a l  a round  th e  m ag n e tic  l i n e s  o f  f o r c e ,  
th u s  in c r e a s in g  t h e i r  e f f e c t i v e  p a th  le n g th  in  th e  a c t iv e  re g io n  o f  th e  
d is c h a rg e  tu b e , A weak f i e l d ,  a round  one h u nd red  g a u ss , w i l l  a llo w  
w o rk ab le  d is c h a rg e s  to  gas p r e s s u re s  as low as  5 m i l l i t o r r  in  t h i s  
a p p a ra tu s .
The f i e l d  i s  p ro v id e d  by a  s e le n o id  wound around  a  copper 
s le e v e  to  a llo w  w a te r  c o o lin g  o f  th e  c o i l  ( t y p i c a l l y  75 w a tts  o f  power 
i s  g e n e ra te d  by th e  c o i l ) .  T h is copper s le e v e  f i t s  over th e  d is c h a rg e  
tu b e  s h e l l ,  a s  shown i n  F ig .  30 . The c u r r e n t  su p p ly in g  th e  f i e l d  was 
n o rm a lly  s u p p lie d  by a  W estern  E l e c t r i c  power su p p ly  (48 v o l t s  d c ) ;  
how ever, f o r  th e  t e s t s  to  d e te rm in e  th e  e f f e c t  o f  th e  m agnetic  f i e l d  
on th e  o b se rv ed  l i f e t i m e s ,  th e  c u r r e n t  was p ro v id e d  by th e  main 1 0 0  
v o l t  dc g e n e ra to r  i n  th e  p h y s ic s  b u i ld in g .
S ince we a r e  o b se rv in g  th e  r a d i a t i o n  p a r a l l e l  to  th e  m agnetic
60
61
f i e l d ,  we w ould n o t  r e a l l y  e x p e c t any e f f e c t  o f  th e  f i e l d  on th e  l i f e ­
t im e s , However, we do see  some e f f e c t  w ith  in c re a s in g  f i e l d  a s  shown 
below  i n  F ig u re  31 , W hile th e  a v e ra g e  v a lu e  i s  th e  same, th e  e x p e r i ­
m en ta l s c a t t e r  in c r e a s e s .  T h is d a ta  was ta k en  on th e  v i b r a t i o n a l  
le v e ls  o f  C n ( v '= 0 , l )  (3371,3159 2 )  o f  n i t r o g e n .u
[ |  Copper y W a t e r  
J a c k e t
2 0 W
F ig u re  30: M agnetic  f i e l d  sy stem
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F ig u re  31: E f f e c t  o f  th e  m agnetic  f i e l d  on l i f e t i m e s .
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T h is  e f f e c t  i s  c e r t a in l y  n o t  due to  th e  i n t e r a c t i o n  o f  th e  
m agnetic  f i e l d  w ith  th e  d ecay in g  s t a t e ,  i . e .  p r e c e s s io n  o f  th e  r a d ia ­
t i n g  d ip o le s  around  th e  m agnetic  l i n e s  o f  fo rc e  w ith  Larm or freq u en cy  
w^=gjPgH/h ( g j  = Landd f a c t o r ) ,  b u t  i s  p ro b a b ly  r e l a t e d  to  i n t e r f e r ­
ence  o f  th e  in c r e a s in g  f i e l d  w ith  th e  e l e c t r i c a l  c u t  o f f  o f  th e  d i s ­
c h a rg e .
E vidence may be found f o r  t h i s  in  th e  in c r e a s e  o f  th e  " p la te a u "  
o f  th e  decay  cu rv es  a s  shown in  F ig .  32. T h is p la t e a u  r e p r e s e n t s  a  
s t a b l e  re g io n  a f t e r  c u t  o f f  w hich in d i c a te s  th e  i n a b i l i t y  o f  th e  i n -  
q e r t r o n  to  sweep th e  e l e c t r o n s  from  th e  f i e l d  on a p p l i c a t io n  o f  th e  
2D21 crow bar (se e  p u ls e  g e n e ra t io n  s e c t i o n ) .  See a l s o  th e  s e c t io n  on 
ca th o d e  a s s e m b lie s  f o r  s im i la r  r e s u l t s .  T his in c r e a s in g  p la te a u  th e n  
in c r e a s e s  th e  u n c e r ta in ty  o f  th e  m easured l i f e t i m e ,  b u t  on th e  a v e r ­
a g e , does n o t  b ia s  th e  r e s u l t s .
We may th e n  co nclude  th e  a p p l ie d  f i e l d  o f f e r s  no s y s te m a tic  
e r r o r  to  th e  sy stem  b u t  in d i c a te s  t h a t  we sh o u ld  keep  th e  f i e l d  as  
low as  p o s s ib le  to  red u ce  th e  o v e r a l l  e r r o r  o f  th e  sy s te m .






F ig u re  32: E f f e c t  o f  th e  m agnetic  f i e l d  on th e  decay  cu rv es
a )  low f i e l d ,  1=1.3  amp (~150g)
b ) h ig h  f i e l d ,  1=2.5 amp (~300g)
CHAPTER I I I  
DATA ANALYSIS
W ith in  th e  l i m i t s  d e sc u sse d  in  th e  f i r s t  c h a p te r  th e  d a ta  may 
b e  c o n s id e re d  a s  c o n s i s t in g  s im p ly  o f  th e  sum o f  s e v e r a l  e x p o n e n t ia ls ,  
th e  a c t u a l  number d e te rm in e d  by th e  number o f  c a sc a d in g  s t a t e s  p lu s  
a n  a d d i t iv e  c o n s ta n t  due to  random n o is e .  We th e n  have f o r  th e  tim e 
d ep en d en t i n t e n s i t y
I ( t )  = B e '^ i t  + Ce"^2^ +  . . .  +  K 25
w here th e  decay  c o n s ta n t s ,  A^,A2  a r e  th e  E in s te in  t r a n s i t i o n  c o e f f i ­
c i e n t s  p lu s  th e  p r e s s u r e  d ep en d en t quench ing  r a t e s  A^ = %A^  ^ + N^o<v>,
B and C a re  th e  r e s p e c t iv e  a m p litu d e s  and K th e  c o n s ta n t  background  te rm .
E x p o n e n tia l cu rv e  f i t t i n g  i s  a t  b e s t  an  e d u c a te d  g u ess  i f  more 
th a n  two e x p o n e n t ia ls  a r e  p r e s e n t  s in c e  i n  th e  p re se n c e  o f  e r r o r s  p ra c ­
t i c a l l y  any co m b in a tio n  o f  th r e e  e x p o n e n t ia ls  can  be made to  f i t  a 
g iv e n  d a ta  s e t  in v o lv in g  th r e e  o r  more e x p o n e n t ia l s .  However, i f  s t r i c t  
a t t e n t i o n  i s  p a id  to  th e  'c l u e s '  p r e s e n te d  by th e  d a ta ,  two e x p o n e n t ia l  
d a ta  c u rv e s  can  be  h a n d le d  w ith  r e l a t i v e  e a s e  i f  th e  lo n g  l i v e d  compon­
e n t  i s  much lo n g e r  th a n  th e  s h o r t  l i v e d  one (a  f a c t o r  o f  5 o r  m o re ) .
TWo te c h n iq u e s  w ere u sed  in  e v a lu a t in g  th e  l i f e t i m e  d a ta  i n  t h i s  
w ork , g r a p h ic a l  s t r i p p i n g ,  and com puter s t r i p p i n g .  These te c h n iq u e s  
w i l l  be  d is c u s s e d  s e p a r a t e ly  b e lo w .
G ra p h ic a l A n a ly s is
T h is  m ethod can  g iv e  rem ark ab ly  good r e s u l t s  i f  th e  fo llo w in g  
te c h n iq u e  i s  fo llo w e d . A f te r  th e  d a ta  i s  p l o t t e d  on se m i- lo g  p a p e r ,
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a co n stan t, amount r e p r e s e n t in g  th e  n o is e  i s  s u b t r a c te d  from  th e  d a ta  
p o in t  by p o i n t .  T h is  i s  p e rh ap s  th e  m ost c r i t i c a l  s t e p .  I t  too  much, 
o r  to o  l i t t l e  i s  s u b t r a c t e d ,  th e  e x p o n e n t ia l  o v e r ly in g  th e  background  
w i l l  be d i s t o r t e d .  I f  t h i s  d i s t o r t i o n  i s  n o t  ig n o re d  how ever, i t  
w i l l  c l e a r l y  in d i c a te  to  th e  o p e ra to r  th e  p ro p e r  amount to  b e  c a l le d  
n o is e  a s  i s  in d ic a te d  in  F ig .  33. T h is  te c h n iq u e  b re a k s  down i f  too  
s h o r t  a tim e s c a le  i s  u sed  f o r  th e  d a ta  a c q u i s i t i o n ,  i . e .  th e  tim e 
s c a le  used  sh o u ld  be s u f f i c i e n t l y  lo n g  f o r  a t  l e a s t  4 e - f o ld in g s  o f  
th e  decay to  have o c c u r re d . F o r exam ple, a  60 n se c  decay sh o u ld  be 
a c q u ire d  on th e  400 n se c  tim e  s c a le  and n o t on th e  200 n se c  s c a l e .
T h is  in s u re s  a l s o  t h a t  th e  cu rv e  i n  F ig .  33b i s  n o t  due i n  p a r t  o r  
w h o lly  to  a  r e a l  lo n g - l iv e d  ca sca d e  com ponent.
I f  two e x p o n e n t ia ls  a r e  p r e s e n t ,  w here one i s  o f  r a t h e r  weak 
a m p litu d e , and an a t te m p t i s  made to  f i t  o n ly  one e x p o n e n t ia l  to  th e  
d a ta ,  a  s l i g h t  b u t r a t h e r  p e r s i s t e n t  o s c i l l a t i o n  w i l l  b e  p r e s e n t  as 
shown in  F ig .  34a. T h is  e f f e c t  i s  obv ious in  th e  com puter a n a ly s i s  
(LASL) a s  th e  background  a l s o  v a r ie s  (s e e  ap p en d ix  A f o r  sam ple LASL 
ru n  #2 ) .
I f  th e  two e x p o n e n t ia ls  a r e  o f  a p p ro x im a te ly  e q u a l am p litu d e  
and o n ly  one exponen t i s  u sed  to  f i t  to  th e  d a ta ,  a  n o t i c a b le  ’b r e a k ’ 
w i l l  o ccu r a s  shown i n  F ig .  35. I f  th e  f a s t  e x p o n e n t ia l  i s  o f  much 
g r e a t e r  am p litu d e  th a n  th e  s low  com ponent, no p rob lem  sh o u ld  a r i s e  as  
a  d oub le  e x p o n e n t ia l  f i t  sh o u ld  be o b v io u s .
One f i n a l  p o in t  sh o u ld  be  m en tio n ed . R e g a rd le s s  o f  a l l  e l s e ,  
th e  s t i r p p i n g  p ro c e ss  MUST f i t  i n  th e  le a d  ch an n e ls  w ith  a  h ig h  de­
g ree  o f  a c c u ra c y . T h is  i s  an  a d d i t io n a l  c lu e  as  to  th e  m is in te r p r e ­





F ig .  33: I l l u s t r a t i o n  o f
im proper background
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F ig .  35: Im proper F i t  F or E qual A m plitude Second E x p o n e n tia l
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betw een th e  d a ta  cu rv e  and th e  l i n e a r  f i t .
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Computer T echnique 
I t  sh o u ld  be  s t r e s s e d  a t  th e  o n s e t  t h a t  th e  com puter can n o t 
h a n d le  d a ta  w hich can n o t be t r e a t e d  by hand g r a p h ic a l  m ethods, a s  
th e  com puter does does e s s e n t i a l l y  th e  same th in g  e x c e p t th a t  i n ­
s te a d  o f  a v e ra g in g  th e  d a ta  by ' e y e ' ,  th e  com puter u ses  a  l i n e a r  (o r  
n o n - l in e a r )  l e a s t  sq u a re s  f i t .  T h e re fo re ,  w h ile  th e  PRECISION s t a ­
te d  by th e  m achine lo o k s b e t t e r ,  th e  ACCURACY can n o t be  any b e t t e r  
th a n  t h a t  ach iev ed  by an e x p e r ie n c e d  in d iv id u a l .  A lso , th e  m achine 
can n o t d is c o u n t datum e r r o r s  as th e  eye can , and co n se q u e n tly  a 
'd ro p p e d ' ch an n e l (one in  w hich th e  number o f  co u n ts  i s  s e v e r a l  
s ta n d a rd  d e v ia t io n s  low er th a n  th e  su rro u n d in g  ch an n e ls  o r  even 
z e ro )  m ight be  w e ig h ted  i n c o r r e c t l y  to  th e  p o in t  o f  d i s t o r t i n g  th e  
decay cu rv e  u n le s s  a  X“ sq u a re  o r  s i m i l a r  t e s t  i s  b u i l t  in to  th e  p ro ­
gram . T his i s  a c o s t l y  CPU p ro c e d u re . However, th e  com puter o f f e r s  
th e  ad v an tag e  i n  t h a t  i t  re d u c e s  th e  e x p e r im e n ta l e r r o r  due to  th e  
e x p e r im e n te r 's  b ia s  ab o u t h i s  p r e f e r r e d  an sw er. However, s in c e  he  
can  s e l e c t  w e ig h t f a c t o r s ,  e t c . ,  f o r  th e  p rogram , b ia s  s t i l l  may n o t  
be  e n t i r e l y  e l im in a te d .
Two com puter program s a r e  u sed  i n  th e s e  ex p e rim en ts  i n  a d d i­
t i o n  to  th e  above m en tioned  'h a n d ' te c h n iq u e s .  These a r e  th e  p ro ­
grams LPLOT and LASL (b o th  F o r tr a n  G - le v e l ) .
LPLOT i s  a s e m i- lo g a r i th m ic  p l o t t i n g  r o u t in e  w hich w i l l  a l s o  
rep ro d u ce  th e  d a ta  f i l e  i n  punched deck form  f o r  l a t e r  r e - u s e  and 
perm anent s to r a g e  o f  th e  d a ta .  T h is  program  i s  u sed  to  p ro v id e  i n ­
fo rm a tio n  as to  how many e x p o n e n t ia ls  a r e  p r e s e n t ;  w here to  s t a r t  
th e  f i t t i n g  r o u t in e ;  w here to  s to p  th e  r o u t in e  (ch an n e l num ber); how
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much e x p e r im e n ta l e r r o r  to  e x p e c t in  th e  reduced  d a ta .  A pendix A
c o n ta in s  a  program  l i s t i n g  f o r  LPLOT fo llo w ed  by a  sam ple d a ta  ru n .
LASL i s  a  n o n - l in e a r  l e a s t  s q u a re s  program  w hich th rough
i t e r a t i o n  te c h n iq u e s  a d ju s t  th e  p a ra m e te rs  (s e e  e q u a tio n  I I I - l )  u n t i l
a  b e s t  f i t  i s  r e a c h e d . The program  was i n i t i a l l y  developed  by th e
^ o s Alamos S c i e n t i f i c  l a b o r a to r y  and h as  been  e x te n s iv e ly  m o d ified
f o r  use  in  th e  IBM 360-40 ( c u r r e n t ly  b e in g  run  on th e  IBM 370-158).
The l e a s t  sq u a re s  te c h n iq u e  u sed  i s  t h a t  o f  Gauss-Newton w hich has
been  m o d ifie d  by Thompson^ to  p ro v id e  a  s te e p e s t  p a th  o f  d e s c e n t as
28
d e s c r ib e d  by M arquard t . P ro o fs  o f  th e  te c h n iq u e  may be found in  
r e f .  29 , 30 and 31 . A th o ro u g h  d e s c r ip t io n  o f  t h i s  program  and i t s  
l i m i t a t i o n s  may b e  found in  R. T. Thom pson's d i s s e r t a t i o n ^ .  A p ro ­
gram l i s t i n g  i s  p ro v id e d  in  A ppendix A a lo n g  w ith  two sam ple d a ta  




I t  was n o t ic e d  by Johnson t h a t  th e  r a t e  a t  w hich d a ta  i s  a c ­
q u ire d  in  p u ls e  h e ig h t  a n a ly s i s  (PHA) c o u ld  cause  d i s t o r t i o n s  i n  th e
decay p r o b a b i l i t y  c u rv e s .  T h is  i s  i l l u s t r a t e d  in  F ig .  36 a - d ,  which
2 + +r e p r e s e n t  th e  decay cu rv es  o b serv ed  f o r  th e  B s t a t e  o f  N^ w hich 
w ere o b ta in e d  a t  coun t r a t e s  o f  4 , 11, 17 and 25%.
In  o rd e r  to  b e t t e r  u n d e rs ta n d  why la r g e  coun t r a t e s  d i s t o r t  
th e  d a ta  tak en  in  d e lay ed  c o in c id e n c e  pho ton  c o u n tin g , i t  w ould be  
u s e f u l  to  lo o k  a t  why d a ta  a c q u ire d  in  th e  MS mode used  f o r  n u c le a r  
h a l f - l i v e s  i s  n o t  d i s t o r t e d  h a n d lin g  th e  same e f f e c t i v e  coun t r a t e s .  
C o nsider th e  tim e r a t e  o f  change o f  th e  p o p u la tio n  N (t)  o f a  g iv en  
r a d io n u c l id e
d N ( t ) /d t  = -AN 
o r  th e  number o f  n u c le i  a t  any g iv e n  tim e t  i s
N (t) = N(o) e





























F ig ,  36, Decay cu rv es  a t  v a r io u s  co u n t r a t e s .
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Now, c o n s id e r  tlie  p r o b a b i l i t y  d i s t r i b u t i o n  o b ta in e d  by a  MCA
in  th e  MS mode, i . e .  a l l  c o u n ts  d e l iv e r e d  in  a  p r e s c r ib e d  tim e t -------
t+ T ^, a r e  a c c e p te d  ( ig n o r in g  MCA dead tim e w hich  i s  a d i f f e r e n t  ty p e  
o f  d i s t o r t i o n )  and th e  a n a ly z e r  goes on to  th e  n e x t  ch a n n e l t^ .  We 
need  to  know i f  th e  d i s t r i b u t i o n  i s  in d e e d  t h a t  w hich i s  p r e d ic te d  
by Eq. 27 .
S in ce  i n t e n s i t y  I ( t ) ,  i s  th e  number o f  e v e n ts  p e r  u n i t  tim e  we 
sh o u ld  have
I ( t )  = d p / j^  28
w here i s  th e  p o p u la t io n  o f  p o s s ib le  e v e n ts  (number o f  r a d io n u c le i ) ,  
d p /d t  i s  th e  p r o b a b i l i t y  an  e v e n t  w i l l  o c c u r p e r  u n i t  tim e (o r  d p / 
dx^ p e r  u n i t  ch an n e l)  and dp=p^p^dP^ w here Pe i s  th e  p r o b a b i l i t y  t h a t  
th e  n u c le i  e x i s t  exp -A t= (e  ^*"), p^ i s  th e  p r o b a b i l i t y  t h a t  we d e t e c t  i t  
( e f f e c ie n c y ,  e t c . )  and dp^ i s  th e  p r o b a b i l i t y  o f  decay Adt (o r  A dx^).
T h e re fo re
I ( t )  = NgPgAe 29
and a t  t = 0  we have 1 (0 ) = N^p^A so we can  w r i t e
I ( t )  = l ( 0 ) e  30
T h is  i s  o f  th e  same form  a s  Eq. 2 7 and  th e r e f o r e  in d i c a te s  t h a t  th e  
d a ta  a c q u i s i t i o n  te c h n iq u e  does n o t  i n f e r f e r  w ith  th e  e x p e r im e n ta l 
r e s u l t s .
Now, w hereas th e  above te c h n iq u e  u se s  one i n i t i a l  p o p u la t io n  
to  d e te rm in e  th e  h a l f l i f e ,  th e  mean l i f e t i m e s  o f  m o lecu le s  m ust be  
d e te rm in e d  from  many d i f f e r e n t  i n i t i a l  sy s te m s , w here o n ly  one decay  
p e r  i n i t i a l  sy stem  i s  o b se rv e d , a l l  o th e r s  a re  ig n o re d .  The p ro b ­
a b i l i t y  decay cu rve  i s  th e n  th e  c o l l e c t i o n  o f  many h u n d red s o f  th o u ­
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sands o f  s e p a r a te  e v e n ts ,  each  c o n t r ib u t in g  a t  m ost o n ly  one c o u n t. 
T h e re fo re ,  we w i l l  have  f o r  th e  i n t e n s i t y
I ( t )  = N d p / j^  31
w here N i s  th e  number o f  e v e n ts  sam pled ( in v e r t r o n  p u l s e s ) ,  d p /d t  i s  
th e  p r o b a b i l i t y  t h a t  th e  e v e n t w i l l  o c c u r  p e r  u n i t  tim e (c h a n n e l)  
and now
32dp = PePsPm^Pj
w here p^ i s  th e  p r o b a b i l i t y  t h a t  th e  m o lecu le  e x i s t s  e x p ( -A t) ,  p^ 
i s  th e  p r o b a b i l i t y  t h a t  i t  i s  d e te c te d  ( e f f i c i e n c y  e t c . ) ,  p ^  i s  th e  
p r o b a b i l i t y  t h a t  th e  e v e n t was m isse d , and dp^ i s  th e  p r o b a b i l i t y  
t h a t  th e  m o lecu le  w i l l  decay i n  t   t+ d t .
The f a c t o r  p ^  i s  r e q u ir e d  s in c e  we a re  b a s in g  o u r m easurem ents 
on th e  tim e a  p u ls e  i s  seen  a f t e r  th e  e x c i t a t i o n  i s  e f f e c t e d ,  a l l  
su b se q u e n t p u ls e s  from  t h a t  e x c i t a t i o n  b e in g  ig n o re d . T h is  i s  n o t  
done in  th e  MS mode and c o n se q u e n tly  no c o r r e c t io n  i s  r e q u ir e d  as  
m issed  e v e n ts  a re  assum ed a c c o u n ta b le  i n  th e  d e te c t io n  e f f i c i e n c y  o f  
th e  eq u ip m en t. The q u e s tio n  th e n  i s  how much b ia s  does t h i s  f a c t o r  
c a u se .
C o n s id e r th e  p r o b a b i l i t y  o f  s e e in g  an e v e n t
P g ( l- e " ^ ^ )  33
Then th e  p r o b a b i l i t y  o f  m iss in g  th e  e v e n t i s  s im p ly
1 -P g ( l- e " A ^ ) .  34
For n p o s s ib le  decay e v e n ts  ( in  th e  d i r e c t io n  o f  th e  d e te c t io n  
a p p a ra tu s )  we se e  o n ly  1 decay e v e n t b e fo re  th e  TAG tu r n s  th e  s y s ­
tem o f f ,  so  we m iss
{ l - P g ( l - e " A t) } * - l  35
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The i n t e n s i t y  i s  th u s  g iv e n  by
I ( t )  = N A p g e"A t{ i_ p ^ (i_ e"A t)}n -l 36
and f o r  t= 0 , we have 1 (0 ) = NAp  ^ o r
I ( t )  = 1 (0 ) e "A ^ { l-P g (l-e "A C )} * -l 37
w hich in d i c a te s  a  d e v ia t io n  from  th e  cu rv e  o f  i n t e r e s t  by th e  te rm  in  
b r a c e s .  But n o te  i f  we c o n s id e r  o n ly  one p o s s ib le  e v e n t and we de­
t e c t  i t ,  i . e .  n - l= 0 ,  we g e t  th e  u n d is to r t e d  c u rv e .
Here n  r e p r e s e n ts  th e  number o f  e v e n ts  w hich d id  g e t th ro u g h  
th e  a p p a ra tu s  and c o u ld  have been  d e te c te d  b u t  w ere n o t  re c o rd e d  by 
th e  method o f  c o u n tin g  em ployed, s in c e  a l l  b u t  th e  f i r s t  were ig n o re d . 
The v a lu e  o f  n can  be a r t i f i c i a l l y  k e p t  low by k eep in g  th e  co u n t r a t e  
low . The co u n t r a t e  i s  th e  number o f  m easured c o u n ts  d iv id e d  by th e  
number o f  tim es th e  sy stem  (o r  in v e r t r o n )  i s  c y c le d . By k eep in g  th e  
co u n t r a t e  around  10%, we im ply t h a t  th e  p r o b a b i l i t y  o f  two s im u l­
ta n eo u s  e v e n ts  i s  1%, t h a t  o f  th r e e  e v e n ts  0.1% e t c .  T h e re fo re  we 
c o u ld  w r i t e  f o r  a  "d o u b le  e v e n t" :
I ( t )  = I(0 ){ (l-P g )e"A C + p ^e"2 A t}  38
and f o r  a  " t r i p l e  e v e n t" :
I ( t )  = I(0 ){ (l-P g )2 e"A t+ 2 p g (l-P g )e"2 A t+ P g Z e-3 A t}  39
To r e i t e r a t e ,  c o r r e c t io n s  a r e  r e q u ir e d  n o t b eca u se  e v e n ts  a re  
m issed  by th e  sy s tem , b u t  b ecau se  one e v e n t i s  d e te c te d  and a n o th e r  
s e l e c t i v e l y  ig n o re d .  T h is  b ia s e s  th e  d a ta  t o  th e  e a r l i e r  ch an n e ls  
and a p p e a rs  a s  a  f a s t  e x p o n e n t ia l  in  th e  d a ta  cu rv e  a s  i l l u s t r a t e d  
in  F ig .  36
A much more c o n v ie n e n t a n a l y t i c a l  form  may be o b ta in e d  by r e ­
w r i t i n g  th e  p r o b a b i l i t y  o f  l o s t  e v e n ts  as fo llo w s .
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Pm "
= l - ( n - l )  - ( E = lU n = 2 ) .  ^2 40
® 21 ®
w hich i s  ap p ro x im a te ly
" A t , i .
î I o J î z Æ f l l ^
1 : 41
s in c e  <<1, i  an i n t e g e r ,  i s  c o r r e c t  f o r  much s m a lle r  v a lu e s  o f
^ i :  ^
i  th a n  i s  th e  e x p re s s io n  (n - i)< < n . See r e f ,  3 , 32,
Now, by d e f in in g  m = n p ^ , we have
. ±r. -A tn i  ..
Pm JL_LzÊ_— = exp { -m [l-e  ] } ,
C onsequen tly  Eq, 37 becomes
Id) - I(o)e-ACe-m(l-e"*^ )
Cm
w here m = &n (1- ; t“) and C i s  th e  number o f  c o u n ts  m easured ( t o t a l
S  p
number o f  ev en ts  seen  by th e  MCA), and C^ i s  th e  t o t a l  number o f  
co u n ts  p o s s ib le  (number o f  tim es th e  sy stem  f i r e s  s in c e  o n ly  one 
co u n t i s  a llo w ed  p e r  e x c i t a t i o n ) .
F ig ,  37 shows how Eq, 42 f i t s  th e  e x p e r im e n ta l d a ta  com piled
3
on th e  C s t a t e  o f  n i t r o g e n .  C u r re n t ly ,  a d d i t io n a l  work i s  b e in g  
conducted  on t h i s  prob lem  and w i l l  be  r e p o r te d  l a t e r  by o th e r s .
42
40 -





P e rc e n t  coun t  r a t e
F ig ,  37; T h e o r e t ic a l  and O bserved  D ependence o f  th e  L ife t im e  on th e  
Count R ate
CHAPTER V 
N itro g e n  L ife tim e s
N itro g e n  was chosen  f o r  t h i s  s e r i e s  o f  e x p e rim e n ts  b e c a u se
2 + + 3th e  B E s t a t e  o f  N_ and th e  C H s t a t e  o f  N„ have been  e x te n s iv e ly  u 2  u  2
3
s tu d ie d  by many d i f f e r e n t  te c h n iq u e s  and Johnson  com ple ted  some 
v e ry  p r e c i s e  w ork u s in g  th e  h o t  c a th o d e  in v e r t r o n  w ith  w hich t h i s
3
work was com pared. A lso , th e  C s t a t e  a p p e a rs  to  be  p r e s s u r e
in d e p e n d e n t and does n o t  p o s se s s  a ca scad e  com ponent. T h is  s t a t e
th en  p ro v id e s  a c le a n  s in g le  e x p o n e n t ia l  o f  3 8 .4  n s e c  mean l i f e  w ith
w hich to  c a l i b r a t e  th e  c o ld  ca th o d e  sy stem  and to  d e te rm in e  any
2 + +equipm ent d ep en d en ces . L ik ew ise , th e  B s t a t e  o f  N^ p ro v id e s  a  
s in g le  e x p o n e n t ia l  (59 n s e c ) ,  b u t  e x h i b i t s  a p r e s s u r e  dependence 
w hich sh o u ld  be u s e f u l  i n  d e te rm in in g  d e p o p u la tio n  m echanism s.
I t  i s  f e l t  t h a t  an  a d e q u a te  u n d e rs ta n d in g  now e x i s t s  such  
th a t  e x p e r im e n ta l r e s u l t s  a r e  r e l i a b l e  and re p ro d u c a b le .  A r e c a ­
p i t u l a t i o n  o f  th e  m ajo r e x p e r im e n ta l p rob lem s w i l l  b e  p r e s e n te d  in  
t h i s  s e c t io n  fo llo w e d  by t a b le s  o f  t h i s  work com pared w ith  t h a t  p re ­
v io u s ly  r e p o r te d  i n  th e  l i t e r a t u r e ,
" T y p ic a l"  d a ta  i n  th e  form  o f  p r e s s u re  v s  th e  t r a n s i t i o n  p ro
p r o b a b i l i t y  i s  p re s e n te d  i n  F ig .  38 w hich r e p r e s e n t s  th e  q u a l i t y  o f
2 +e a r ly  d a ta  a c q u ire d  on th e  unm od ified  sy stem  f o r  th e  B s t a t e  o f  
Ng. S u f f ic e  to  say  t h a t  t h i s  q u a l i t y  o f  d a ta  co u ld  n o t  be t o l e r a t e d .  
Most o f  t h i s  p rob lem  was c le a r e d  up by re c o g n iz in g  th e  s e v e r ­
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was e x p e c ia l ly  ram pant i n  th e  e a r l i e r  s ta g e s  o f  th e s e  ex p erim en ts  
s in c e  th e  e x c i t a t i o n  e l e c t r o n i c s  sy stem  d id  n o t  p u ls e  a t  th e  r e p e t i ­
t io n  r a t e s  I n d ic a te d  by th e  m o n ito r , I . e .  th e  d is c h a rg e  tu b e  d id  n o t  
f i r e  e v e ry  tim e I t  was p u ls e d .  For exam ple . I t  th e  r e p e t i t i o n  r a t e
was s e t  a t  500 Hz, th e  d is c h a rg e  tu b e  m igh t f i r e  anywhere from  200-
300 Hz r e g u la r ly ,  and a t  any o th e r  v a lu e  s p o r a d ic a l ly .  A lso , th e  
vacuum sy stem , p r im a r i ly  th e  d is c h a rg e  tu b e ,  le a k e d . The bo ro n  n i ­
t r i d e  s p a c e rs  w ere found to  be q u i t e  p o ro u s . I t  was n o t  c l e a r  I f  t h i s  
was a  p rob lem  o f a g e , o r  I f  th e  sp a c e rs  w ere worn o u t due to  rem oval 
and r e i n s e r t i o n  o f  th e  anode f o r  c le a n in g .  The le a k in g  sy stem  was
th e  e a s i e s t  to  rem edy, th e  bo ro n  s p a c e rs  w ere r e p la c e d  w ith  T eflo n
s le e v e s  and s u b se q u e n tly  th e  w hole d is c h a rg e  tu b e  was re d e s ig n e d  as 
d e s c r ib e d  In  C h ap te r I I -D . The p rob lem  o f  th e  d is c h a rg e  tu b e  m is­
f i r i n g  was a t  f i r s t  t o l e r a t e d  by I n s e r t i n g  th e  C anberra  s c a l e r s  a s  
shovm In  C h ap te r I I -C  and d i r e c t l y  m easu rin g  th e  e v e n ts  coun ted  vs 
th e  number o f  tim es  th e  sy stem  f i r e d  ( I . e .  th e  c o u n t r a t e )  f o r  a 
g iv e n  e x p e r im e n t. L a te r  th e  d i f f i c u l t y  was removed by p ro p e r ly  modi­
fy in g  th e  e x c i t a t i o n  e l e c t r o n i c s  to  g iv e  dep en d ab le  f i r i n g  r a t e s .
(See C h ap te r I I -B )
W ith th e s e  two c o r r e c t io n s ,  o u r  d a ta  w ere now much im proved 
as  F ig .  39 i n d i c a t e s .  I t  was th e n  d e te rm in e d  t h a t  th e  d a ta  w ere o f  
s u f f i c i e n t  q u a l i t y  f o r  th e  more s u b t l e  p rob lem s o f  th e  glow d is c h a rg e  
to  b e  a p p ro ac h ed . W ith th e  h e lp  o f  F ig .  40 a  r a t h e r  i n t e r e s t i n g  
prob lem  was re c o g n iz e d . A t low p r e s s u r e s  I t  was found th a t  b o th  th e
2 _L 3 -j.
B Z and th e  C II s t a t e s  o f  N- and N_ e x h ib i te d  an I n c r e a s e  In  t h e i r  u u 2  2
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o r ie n t e d .  As F ig .  40 i n d i c a t e s ,  t h i s  p rob lem  co u ld  be s o lv e d  by th e  
a d d i t io n  o f  s m a ll am ounts o f  oxygen to  th e  sy stem , w h ile  th e  a d d i­
t i o n  o f  h e liu m  d id  a b s o lu t ly  n o th in g .  I t  was d e te rm in e d  th e r e f o r e  
t h a t  th e  p r e s s u r e  was n o t  r e a l l y  th e  c o n t r o l l i n g  v a r i a b l e ,  b u t  r a t h e r  
th e  p re se n c e  o r  ab sen ce  o f  an  e l e c t r o n e g a t iv e  gas  c a p a b le  o f  c l e a r ­
in g  th e  e l e c t r o n s  o u t o f  th e  sy stem  a f t e r  c u t - o f f ,  in  c o n ju n c t io n  w ith  
an  i n a b i l i t y  o f  th e  c a th o d e  s t r u c t u r e  to  sweep th e s e  e l e c t r o n s .
T h is  i n a b i l i t y  to  sweep th e  f i e l d  p ro p e r ly  was a l s o  in d ic a ­
te d  by th e  p r o b a b i l i t y  decay  c u rv e s  w hich e x h ib i te d  a  "hum p", and 
in  s e v e re  c a s e s ,  a  peak  in  th e  le a d  to  m idd le  ch a n n e ls  depend ing  on 
th e  d ia m e te r  and s t r u c t u r e  o f  th e  c a th o d e s  used  a s  shown i n  F ig ,  41 . 
T h is was c o r r e c te d  a f t e r  e x te n s iv e  c a th o d e  d e s ig n  s tu d ie s  w ere cont- 
p le te d  and c a th o d e  i n s e r t s  o f  h e l ix - g r o v e  o r  p a r a l l e l - r o d  d e s ig n  w ere 
u sed  (s e e  C h ap te r I I - E ) , These im provem ents th e n  make p o s s ib le  th e  
d a ta  shown in  F ig ,  42 , Note how ever, t h a t  th e  problem  a t  low  p r e s ­
s u re s  i s  s t i l l  n o t  c o m p le te ly  s o lv e d .  I t  p ro b a b ly  can n o t b e  s o lv e d  
w h ile  w ork ing  w ith  p u re  n i t r o g e n  a s  th e  a t ta c h m e n t c o e f f i c i e n t  f o r  
p u re  n i t r o g e n  m atches t h a t  o f  th e  n o b le  g a s e s , , .z e r o .  However, s tu d ­
i e s  in  oxygen in d i c a te  t h a t  work a t  th e s e  lo w er p r e s s u re s  i s  in d e e d  
p o s s ib le  i f  th e  gas un d er s tu d y  i s  e l e c t r o n e g a t iv e .
Our a t t e n t i o n  was th e n  tu rn e d  to  t h a t  o f  th e  m ag n e tic  f i e l d ' s  
in f lu e n c e  on th e  o b se rv ed  r e s u l t s .  The o n ly  e f f e c t  o b se rv e d  w ith  
in c r e a s in g  f i e l d  was an in c r e a s in g ly  p o o r e l e c t r i c a l  c u t - o f f  o f  th e  
d is c h a rg e ,  and th e r e f o r e  an  in c re a s e  i n  th e  e r r o r s  o f  d a ta  re d u c ­
t i o n ,  T h is  e f f e c t  was found  to  b e  random and i t  was th e r e f o r e  con­
c lu d ed  m ere ly  t h a t  th e  m ag n e tic  f i e l d  sh o u ld  b e  k e p t  a s  low a s  n e c e s ­









T i m e
F ig , 41: D is to r te d  Decay Curves Due to  Im proper E le c tro n  Q uenching
o  H e lix
^  P a r a l l e l  Rod
2.0 H e lix  C athode
a ---5.94 X 10 cm
P a r a l l e l  Rod C athode 
a = 1 .82  X 10 cm
600400200
F ig .  42: Im proved L ife t im e  D ata  U sing  th e  H e lix  and P a r a l le l - R o d  C athodes
86
to  red u ce  th e  e r r o r s  in  th e  d a ta  r e d u c t io n .
A h ig h  a p p l ie d  v o l ta g e  a f f e c t e d  th e  r e s u l t s  a d v e rse ly  in  a  man­
n e r  s im i l a r  to  t h a t  o f th e  m agnetic  f i e l d .  A t h ig h e r  a p p l ie d  v o l ta g e s  
l a r g e r  numbers o f  e l e c t r o n s  made c u t - o f f  d i f f i c u l t  to  a c h ie v e  and 
c o n s e q u e n tly , th e  d a ta  re d u c t io n  e r r o r s  w ere in c re a s e d .  T h is  o ccu red  
o n ly  when th e  a p p l ie d  v o l ta g e s  w ere s u f f i c i e n t  to  cau se  th e  d is c h a rg e  
to  e x i s t  in  th e  abnorm al glow re g io n .  I f  t h i s  was n o t  th e  c a s e ,  i . e .  
th e  glow rem ained  in  th e  norm al r e g io n ,  th e  in c re a s e d  v o l ta g e  d id  n o t 
e f f e c t  th e  r e s u l t s  a p p re c ia b ly .
In  c o n c lu s io n . T ab le  I I  and T ab le I I I  l i s t  th e  r e p o r te d  l i f e -
2 + 3  +tim es f o r  th e  B and C s t a t e s  o f  and as r e p o r te d  by o th e r
w orkers  f o r  a  com parison  o f  r e s u l t s .
T ab le  I I ;  R epo rted  L ife tim e s  f o r  (v '= 0 )
------------------------------------------------------------- - u  ■ ■ ■ ■ 2 —
E x p e r im e n ta lis t  t  (N anoseconds)
B e n n e tt & D alby^^ 6 5 ,8  ± 3 .5
34F ow ler & H o lz b e r le in  70 ± 15
35Jeunehomme 71,5 ± 5
3
Johnson  5 9 .2  ± 4
og
H esse r  & D re s s ie r  59 ± 6
N ich o ls  & W ilson^^ 65 .9  ± 1
38
S ebacher 65 ± 2
T h is  Work 6 2 .7  ± 2 .5
T able I I I
M easured l i f e t im e s  o f  C 3n ^ (v '= 0 )  l e v e l  o f
E x p e r im e n ta lis t  ( s e c . )
B en n e tt & D alby^^ 44 .5  ± 6
35Jeunehomme 49 ± 5
3
Johnson  39 ± 2 . 5
N ich o ls  & W ilson^^ 4 5 .4
T his Work 38 .4  ± 2 . 5
CHAPTER VI 
SÛ2
I n t ro d u c t io n
S u lfu r  d io x id e  i s  a  t r i - a to m i c  p la n a r  n o n - l in e a r  m o lecu le  
b e lo n g in g  to  th e  symmetry group and c la s s e d  as  an  asym m etric  
to p .  T his im p lie s  t h a t  th e  m o lecu le  SO  ^ h as  two v e r t i c a l  p la n e s
I
o f  r e f l e c t i v e  sym m etry, and , and h a s  a  tw o -fo ld  a x i s  o f  cy­
c l i c  o r  r o t a t i o n a l  sym m etry, C^. The p la n e s  o f  symmetry a re  r e -  
f e r e d  to  a s  v e r t i c a l  p la n e s  s in c e  by co n v en tio n  th e  main a x is  o f  
symmetry i s  assum ed to  b e  th e  v e r t i c a l  (z )  a x i s ,  and r e f e r s  to  
a  r o t a t i o n  by 180° ab o u t th e  z - a x i s .  The v e r t i c a l  p la n e s  o^ a re  
som etim es w r i t t e n  o ^ (x ,y )  and o ^ (y ,z )  to  den o te  in  which p la n e  th e  
r e f l e c t i o n  i s  c o n s id e re d .
S ince  th e re  a re  fo u r  d i f f e r e n t  ways o f  a s s ig n in g  p lu s  and 
m inus s ig n s  to  th e  two r e f l e c t i o n s ,  th e  p o in t  group i s  r e p re s e n te d  
by th e  fo u r  c h a r a c te r s  A^, A^, B^, w hich d en o te  symmetry o r  a n t i ­
symmetry w ith  r e s p e c t  to  th e  o p e ra t io n  C^. The c h a r a c te r s  o f  t h i s  
group a re  g iv en  below  in  T ab le  IV.
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1 +1 +1 +1 +1
2 +1 +1 -1 -1
1 +1 -1 +1 -1
2 +1 -1 -1 +1
88
Table IV: Character table





The n o ta t io n  I  and  E a r e  in te r c h a n g a b le  depend ing  on th e  r e f ­
e re n c e  used  and r e p r e s e n t  th e  i d e n t i t y  e lem en t (E = E in h e i t) , i . e .
2
Cg = I  o r  E. The p lu s  and minus s ig n s  r e f e r  to  th e  p r e s e r v a t io n  
o f  th e  symmetry in  a g iv e n  o p e r a t io n .
As a  m a tte r  o f  c a u t io n ,  th e  fo llo w in g  n o ta t io n  w i l l  be  ob­
s e rv e d  to  p re v e n t  c o n fu s io n . A^, A^ e t c .  w i l l  r e f e r  a s  m en tioned  
to  symmetry o r  an tisy m m e try  o p e r a t io n s  w ith  r e s p e c t  to  th e  c y c l i c
r o t a t i o n  C . T h is  i s  n o t  to  be c o n fu sed  w ith  A , A , B , B , ( u =  n  u ’ g ’ u ’ g ’
u n g e rad e , g = g a ra d e ) w hich  d en o te  symmetry o r  an tisy m m etry  w ith  r e ­
s p e c t  to  th e  c e n te r  o f  symmetry (a s  in  th e  p la n a r  XgYg o f th e  group 
C g^), n o r  sh o u ld  th e se  be  co n fu sed  w ith  A^, A^, e t c .  w hich r e f e r  to  
symmetry o r  an tisy m m etry  w ith  r e s p e c t  to  th e  p la n e  o^ ( r e f l e c t i o n  
in  a  p la n e  p e rp e n d ic u la r  to  th e  p r i n c i p l e  a x i s ,  i . e . ,  h o r i z o n t a l  
r e f l e c t i o n )  as  i n  a  p la n a r  XY  ^ m o lecu le  from  th e  group A lso ,
th e  sym bol I  sh o u ld  be  u sed  f o r  th e  i d e n t i t y  o p e r a to r  to  a v o id  con­
fu s io n  w ith  th e  d e g e n e ra te  s p e c ie s  E^, E^, e t c .  found  i n  h ig h e r  o rd e r  
d e g e n e ra te  g ro u p s . One l a s t  word on n o ta t i o n ,  th e  sym bol A o r  X
r e f e r s  to  a  p a r t i c u l a r  m o le c u la r  l e v e l  and n o t  to  th e  symmetry s p e -
~  1 "  3
c i e s .  C o n seq u en tly , a  s t a t e  may be r e f e r e d  to  a s  X A^ o r  A B^
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w ith o u t c o n fu s io n . F or f u r t h e r  c l a r i f i c a t i o n ,  s e e  r e f .  39, 40.
S ince  a  n o n - l in e a r  m o lecu le  does n o t  have  an  a x i s  a b o u t w hich
th e  moment o f  i n e r t i a  v a n is h e s  (a s  in  l i n e a r  m o le c u le s ) ,  th e r e  a re  
th r e e  m u tu a lly  p e r p e n d ic u la r  d i r e c t i o n s  ab o u t w hich th e  moment o f  i n e r ­
t i a  h a s  a  maximum o r  a  m i n i m u m . T h e s e  a r e  te rm ed  th e  p r in c i p l e  axes 
(o r  p r in c i p l e  moments o f  i n e r t i a )  and a re  d e s ig n a te d  w here
g e n e r a l ly  Che m o lecu le  h as  an a x is  o f  symmetry th en
t h i s  a x is  w i l l  be  a  p r i n c i p l e  a x i s .  L ik ew ise , any p la n e  o f  symmetry 
th e  m o lecu le  p o s s e s s  m ust have a  p r in c i p l e  a x i s  p e rp e n d ic u la r  to  i t .
I f  two o f  th e  p r in c i p l e  moments a re  e q u a l ,  th e  m o lecu le  i s  r e f e r e d  
to  a s  a  sym m etric to p .  I f  Z^ = £^, i t  i s  c a l l e d  an o b la te  to p  and i f  
£ = £ , i t  i s  r e f e r e d  to  a s  a  p r o l a t e  to p .  I f  a l l  th r e e  a r e  e q u a l ,
i t  i s  c a l l e d  a  s p h e r i c a l  to p .  In  th e  ca se  o f  SO^, w here none o f  th e  
th r e e  moments a r e  e q u a l ,  th e  m o lecu le  i s  te rm ed  an asym m etric  to p .
The v ib r a t i o n  o f  t r i - a to m i c  m o lecu le s  can  be b ro k en  down in t o  
th r e e  norm al modes o f  v ib r a t i o n  v^ , and a s  sho;m  i n  F ig ,  43.
These modes a r e  te rm ed  sy m m e trica l v a la n c e  (v^^), d e fo rm a tio n  ( v ^ ) ,
42and a n t i- s y m m e tr ic a l  (v^) by M e tro p o lis  , These v ib r a t io n s  cau se
w hat a r e  te rm ed  v ib r o n ic  s p e c ie s .  These v ib r o n ic  e ig e n fu n c t io n s
a re  to  a f i r s t  a p p ro x im a tio n
■^ ev "  4 ^ (q ,o )^ y (Q ) 43
w here ^ ^ ( q ,0 ) r e f e r s  to  th e  e l e c t r o n i c  wave f u n c t io n  f o r  th e  e q u i­
l ib r iu m  p o s i t i o n  Q=0. T h is  im p lie s  t h a t  th e  v ib r o n ic  s p e c ie s  a r e  sim ­
p ly  th e  d i r e c t  p ro d u c ts  o f  th e  e l e c t r o n i c  s p e c ie s  w ith  th e  v i b r a t i o n a l  
s p e c ie s .  As an exam ple c o n s id e r  an SO^ m o lecu le  (Cg^ sym m etry) w hich 
i s  i n  th e  e l e c t r o n i c  s t a t e .  I f  a  v i b r a t i o n  i s  e x c i te d  ( i . e . )
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s im i la r  to  ^ i n  F ig .  43) th e  r e s u l t a n t  v ib r o n ic  s t a t e  i s
Bi X B2  = A g'
D eg en era te  v ib r a t i o n s  w i l l  n o t  be  c o n s id e re d  a s  th e y  do n o t
o ccu r e x c e p t by a c c id e n t  f o r  m o lecu le s  w ith  o n ly  tw o -fo ld  symmetry 
43o r  l e s s  ,
44
V . ( a , ) V o ( a J Vo(bo)
F ig ,  43 : Normal modes o f  v ib r a t i o n  f o r  SO,
SO2  SPECTRAL.ANALYSIS
44P e a rse  h as  grouped th e  e m iss io n  s p e c t r a  o f  SO^ in to  th r e e  
c a t e g o r i e s ,  a l l  o f  w hich a re  degraded  to  th e  r e d .  These a r e :  group
A, 4340 to  2700 group B, 2640 to  2350 S ; and group C 2343 to  2170 
S . The w ork p r e s e n te d  h e re  h as  d e a l t  e x c lu s iv e ly  w ith  th e  second  
and t h i r d  g ro u p s .
W ith th e  MCA used  in  th e  MS mode, th e  s p e c t r a  i l l u s t r a t e d  in  
F ig ’s .  44-46 w ere o b ta in e d .  F ig .  44 shows how im p o r ta n t i t  i s  to  
keep o u t t r a c e  q u a n t i t i e s  o f  n i t r o g e n .  A m u l t ip le  d i s t i l l a t i o n  u s in g  
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F ig ,  44 : SO2  S p e c tra  W ith T race  N itro g e n  C o n ta m in a tio n
A










0 .2 0 mm
100 u Hz
1000 V
0 .2 0 mm
70 u Hz












s o ,  C ^B , SOg a ’ b , L _  _ i _ . . . J . L . U I I _ J _ L ___ _
SO
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F ig ,  46: S0_ S p e c tra  I l l u s t r a t i n g  V o lta g e  D ependence
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was u sed  to  e l im in a te  th e s e  unw anted l i n e s  and su b se q u e n t s p e c t r a  
w ere f r e e  o f  em m ision s p e c t r a .  F ig ,  45 and 46 i l l u s t r a t e  th e  
p r e s s u re  and a p p l ie d  v o l ta g e  dependence o f  th e  s p e c t r a .  P le a s e  n o te  
th e  s l i t  w id th  change . I t  a p p e a rs  from  F ig .  45 t h a t  a t  l e a s t  two 
o f  th e  p e a k s , i . e .  th o s e  c e n te re d  around  2365 and  2263 R, a r e  n o t  due 
to  th e  e m iss io n  o f  SO^ as th e y  g a in  r e l a t i v e  i n t e n s i t y  w ith  p r e s s u re  
w ith  r e s p e c t  to  th e  o th e r  p e a k s . A lso , in  F ig .  46, th e s e  peaks s u f f e r  
s e v e re  a t te n u a t io n  w ith  a  drop i n  a p p l ie d  v o l ta g e  o f  200 v o l t s .  I t  
i s  f e l t  t h a t  th e s e  p eak s a r e  due to  th e  d i s s o c i a t i o n  o f  SO^ and th e  
su b se q u e n t decay  o f  e x c i te d  a to m ic  oxygen. T h is  id e a  w i l l  be  d is c u s s e d  
l a t e r .
A l l  o f  th e s e  s p e c t r a  w ere o b ta in e d  u s in g  a  s t a t i c  gas sam ple , 
o p e ra t in g  from  800 to  1000 v o l t s .  Very l i t t l e  s u l f u r  d e p o s i t io n  was 
o b se rv ed  e x c e p t a t  h ig h  p r e s s u r e s  (400+ pHg). The MCA was o p e ra te d  
in  th e  MS mode w ith  a  d w e ll tim e o f  0 .8  seconds p e r  c h a n n e l and 256 
ch a n n e ls  w ere u sed  on each  sw eep.
PREVIOUS LIFETIME WORK
P re v io u s  l i f e t i m e  d e te rm in a tio n s  ^5 -47  have a s s o c ia t e d  th e
" 3re g io n  o f  group A w ith  th e  f i r s t  e x c i te d  s t a t e ,  d e s ig n a te d  a  B^.
I  d e te rm in e d  t h i s  l e v e l  to  be v e ry  lo n g  l i v e d  (>200psec) and co n se­
q u e n t ly  c o u ld  n o t  s tu d y  i t  f u r t h e r .  However, f o r  co m p le te n ess  and 
to  h e lp  i l l u s t r a t e  th e  in c o n s i s t e n c ie s  i n  th e  r e p o r te d  l i f e t i m e s  f o r  
t h i s  m o le c u le , th e  known work f o r  t h i s  l e v e l  i s  p r e s e n te d  below  in  
T ab le  V.
T ab le  V:
95
3
R ep o rted  l i f e t i m e s  f o r  â  SOg#
Worker P re s s u re L ife tim e
45Caton & Duncan 30 y -  1 ,5  mm
(no p re s s u re  d ep . found)
7 ± 1 msec
46L e v i t t  & Sheen n o t  s t a t e d  i n  work 
(a  few t o r r ? )
0 . 2  m sec.
47Greenough & Duncan s o l i d  a t  77° K 0 .5  m sec.
I \  SOj
The second  e x c i te d  s t a t e  d e s ig n a te d  A from  th e  e l e c t r o n
2 2 1 3c o n f i r g u r a t io n  (1 3 2  ^ ^^^2^ (4 a ^ )(2 b ^ )  * has been  r e p o r te d  to  have
v e ry  d iv e rs e  l i f e t i m e s  and even to  p o s s e s s  a n o n -e x p o n e n tia l  d ecay .
48M ettee  a lo n e  p r e s e n ts  a  l i f e t i m e  v a ry in g  from  12 y sec  to  128 y s e c .  
Greenough and Duncan g iv e  a  l i f e t i m e  o f  45 y se c , w h ile  L e v i t t  and 
Sheen^^ l i s t  a  v a lu e  o f  o n ly  7 y s e c . In  h i s  w ork, S idebo ttom ^^ found 
a  n o n e x p o n e n tia l decay w hich had  a  tim e  depen d en t decay v a ry in g  from  
14 to  33 y s e c , and Hui and P r ic e ^ ^  sim p ly  s t a t e  t h a t  th e  decay  i s  
n o n -e x p o n e n tia l  f o r  th e  ^B^ s t a t e .  S e v e ra l argum ents have been  p u t 
f o r th  by th e  c o l l e c t i v e  a u th o rs  a s  to  why t h e i r  d a ta  do, o r  do n o t ,  
a p p ea r to  a g r e e .  M ettee  f o r  exam ple f e e l s  t h a t  p e rh ap s  h i s  f re q u e n c y  
dependen t l i f e t i m e s  sh o u ld  a l l  have  th e  v a lu e  o f  64 y sec  and th e  
v a r i a t i o n s  a re  due to  a  f re q u e n c y  d ep en d en t e x c i t a t i o n  c ro s s  s e c t i o n .  
However, a  c o r r e l a t i o n  does e x i s t  w hich th e s e  a u th o rs  seem to  o v e r­
lo o k . T able VI p r e s e n ts  t h e i r  d a ta  and F ig .  47 i s  a  l i f e t i m e  v e rs u s  
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~ 1F ig .  47: L ife tim e  VS W avelength f o r  th e  A SO^
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T able V I: R ep o rted  l i f e t i m e s  f o r  A SO^
Worker W avelength P re s su re L ife tim e
L e v i t t  & Sheen 4360 (? ) n o t s t a t e d 7 u see
Greenough & Dun- 2700-3100 s o l i d  a t 42 u see
can47 77°K






49S idebo ttom 2662 2 - 80 pHg 33 usee
(L ase r) 14 u see
c a lc u la te d 36±4 usee  18±6 useev a lu e s
D ouglas^^ 3000 • ? ...................................................... 63 u see
The d o ub le  v a lu e  g iv e n  by S idebo ttom  r e f e r s  to  th e  non-expo­
n e n t i a l  n a tu r e  o f  th e  o b se rv ed  decay and i s  an a t te m p t to  a n a ly z e  th e  
a p p a re n t tim e  dependency o f  th e  decay . H is c a l c u la te d  v a lu e s  c o r r e ­
spond to  l e v e l s  w hich a re  p a r t i a l l y  and t o t a l l y  v i b r a t i o n a l l y  e q u i -  
l i b r i a t e d .  The v a lu e s  s t a t e d  f o r  D ouglas i s  b a sed  on h i s  s ta te m e n t 
t h a t  h i s  l i f e t i m e  was ap p ro x im a te ly  50% h ig h e r  th a n  th a t  o f  Greenough 
and Duncan.
F ig ,  47 w ould seem to  be more th a n  a  c o in c id e n c e .  T h is  i s
3
o b v io u s ly  n o t  due to  th e  v f a c to r  and can p erh ap s  be e x p la in e d  by 
c o n s id e r in g  i n t e r e l e c t r o n i c  l e v e l  m ix ing , D ouglas^^  h a s  s t a t e d  fo u r  
re q u ire m e n ts  f o r  t h i s  ty p e  o f  e f f e c t  to  o c c u r w hich a r e :
1) A s t r o n g  e l e c t r o n i c  t r a n s i t i o n  moment e x i s t i n g  betw een 
l e v e l s  B and  X (se e  F ig , 4 8 ),
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2) A weak o r  no e l e c t r o n i c  t r a n s i t i o n  moment e x i s t i n g  betw een  
l e v e l s  A and X,
3) A s tro n g  i n t e r a c t i o n  e x i s t i n g  betw een  A and B, i . e . ,  v ib ro n ic  
o r  C o r io l i s ,  o r  i f  th ey  have  d i f f e r e n t  m u l t i p l i c i t i e s ,  s t ro n g  
s p in - o r b i t  i n t e r a c t i o n s ,
4) D e n s ity  o f  v i b r a t i o n a l  l e v e l s  o f  A>>B,
I
F ig .  48; Schem atic  p o t e n t i a l  w e ll s  f o r  
i n t e r e l e c t r o n i c  l e v e l  m ix in g .
T h is  ty p e  o f  sy stem  w i l l  add  la r g e  numbers o f  e x t r a  v i b r a t i o n a l  
l e v e l s  w hich can  b e  re a c h e d  by a b so rb in g  r a d i a t i o n  from  th e  ground 
s t a t e ,  i . e .  s e v e r a l  l e v e l s  from A may b e  re a c h e d  by one l e v e l  from  B. 
T his w i l l  p roduce a  sp ec tru m  in  w hich a  la rg e  number o f  weak l i n e s  
a r e  se e n  in s te a d  o f  a  few s tro n g  l i n e s .  T his in  tu r n  in c r e a s e s  th e  
a p p a re n t d eg en e racy , a l t e r s  th e  l i n e  s t r e n g th s  and c o n se q u e n tly  in ­
c re a s e s  th e  ob serv ed  l i f e t i m e .  The d eg ree  o f  m ix ing  w i l l  o b v io u s ly  
depend on th e  e x te n t  o f  th e  i n t e r a c t i o n  and on th e  ty p e  o f  i n t e r a c t i o n
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p r e s e n t .  In  th e  l i m i t  o f  la r g e  i n t e r a c t i o n ,  D ouglas s t a t e s  t h a t  th e  in ­
c r e a s e  i n  th e  o b se rv ed  l i f e t i m e s  w i l l  v a ry  as  th e  d e n s i ty  o f  th e  le v e l s  
A and B.
-  1 1
T his c r i t e r i o n  seems a p p l ic a b le  to  SO^. The B (A B^) X(X A^)
t r a n s i t i o n  i s  q u i t e  s t r o n g  w h ile  th e  A (a  B^)-----  X(X A^) t r a n s i t i o n
in v o lv e s  a d i f f e r e n t  m u l t i p l i c i t y  and a r e  r e p o r te d ly  v e ry  w eak. T his 
m u l t i p l i c i t y  d i f f e r e n c e  c o u ld  a l s o  p ro v id e  th e  i n t e r a c t i o n  n e c e s s a ry  
( s p i n - o r b i t  f o r  exam ple) betw een  a  and  A.
One o th e r  e f f e c t  i s  m en tioned  by D oug las , I f  th e  i n t e r a c t i o n  
i s  f a i r l y  weak and i f  i t  v a r i e s  w ith  th e  r o t a t i o n a l  and v i b r a t i o n a l  
quantum num bers o f  th e  e x c i te d  s t a t e ,  th e n  even  c l o s e ly  sp aced  le v e l s  
may d i f f e r  in  t h e i r  o b se rv ed  l i f e t i m e s .  T h is  im p lie s  t h a t  th e  decay 
o f  f lo u r s c e n c e  e x c i te d  w ith  even a narrow  band o f  r a d i a t i o n  (S id e -  
b o tto m ’s LASER) w i l l  be a m ix tu re  o f  th e  v a r io u s  l i f e t i m e s  and w i l l  
be o b se rv ed  a s  n o n -e x p o n e n t ia l ,  S idebo ttom ^^ and H ui^^ r e p o r t  such 
decays f o r  th e  A B^  ^l e v e l  o f  SOg. P e rh ap s th e  g raph  in  F ig , 47 w i l l
be u s e f u l  in  d e te rm in in g  th e  e x te n t  and ty p e  o f  i n t e r a c t i o n  betw een
■” 3 " 1th e  l e v e l s  a  B^ and A B^ o f  SO^ in  th e  f u tu r e .
" I  ~ 3C ^Bg & D "^ Bg
The l a s t  r e p o r te d  s t a t e s  o f  80^ , th e  C and D s t a t e s  have been  
r e p o r te d  on by Hui and P r ic e ^ ^ ,  who used  s in g l e  ph o to n  c o u n tin g  te c h ­
n iq u e s  and co n c lu d ed  t h a t  th e s e  s t a t e s  w ere n o t  as  s t r o n g ly  co u p led  
to  any o th e r  s t a t e s  as  w ere th e  low er l e v e l s .  An e x t r a p o la t io n  o f  
t h e i r  d a ta  r e v e a ls  a z e ro  p r e s s u re  l i f e t i m e  f o r  th e  co m p o site  sy stem  





The f i r s t  e x c i te d  l e v e l  o f  SOg, th e  3 s t a t e  was n o t mea­
su red  in  t h i s  work as  th e  le v e l s  a re  to o  lo n g  l iv e d  to  a llo w  a c c u ra te  
work w ith  th e  p r e s e n t  equ ipm en t. I t  i s  hoped th a t  th e  l e v e l  can  be 
s tu d ie d  in  th e  f u tu r e  a f t e r  m o d if ic a t io n  o f  th e  a p p a ra tu s  and w i l l  
be  r e p o r te d  on in  th e  f u tu r e  e lse w h e re .
A ^B^
" 1The A Bj^  s t a t e  h as  b een  o b se rv ed  in  a  f lo w in g  gas sy stem  a t  
s e v e r a l  f r e q u e n c ie s  to  d e te rm in e  i f  th e  same fre q u e n c y  dependence was 
p r e s e n t  a s  was r e p o r te d  e a r l i e r .  I t  was n o t .  However a r e c ip r o c a l  
t r a n s f e r  o r  c lo s e  c o u p lin g  o f  n e a r  s t a t e s  was o b se rv ed  as i s  a p p a re n t 
in  F ig . 49 . A com plete  t h e o r e t i c a l  d e s c r ip t io n  o f  t h i s  p ro c e s s  may 
be found in  M orton ' and in  Thompson^. E s s e n t i a l l y ,  th e  p ro c e s s  i s  as 
fo llo w s  (s e e  F ig .  5 0 ) .
a
F ig .  50: Energy l e v e l  d iag ram  f o r  c lo s e
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1F ig .  49: In v e rse  L ife tim e  VS^  P re s s u re  f o r  A SO^
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L ev e ls  a  and b a re  n e a r ly  th e  same en erg y  above th e  g round s t a t e  and 
a llo w  a c o l l i s i o n a l  re so n a n c e , i . e . ,
dN
d T  "  - “a V % a \ + ^ a  
dN.
d T  “ - “b 'V '^ a b V ^
w here and Py a re  p ro d u c tio n  r a t e s  im p o r ta n t o n ly  d u rin g  th e  d i s ­
ch arg e  o n - tim e , and w here
a  = A +Û vN+a , vN, 46aa a a  ab '
a , = a  , vN. 46cab ab
The b a s ic  s o lu t io n  to  th e s e  e q u a tio n s  i s  a doub le  e x p o n e n t ia l
(where a f t e r  c u t - o f f  we have p = P, = 0 ) ,  i . e . ,a  o
" a  ■
and
where
V - - -  ^
=  ( 0 ^ 2 -  ZO b^a + = a ^  +  ^ “ a b “ b a ^ ’^
As we a r e  i n t e r e s t e d  in  th e  p o p u la t io n  o f  o n ly  (N^ w i l l  decay a t  a 
d i f f e r e n t  freq u en cy ) and we e x p e c t Xi>>X2 such t h a t  Xj w i l l  be an  un- 
o b se rv a b ly  r a p id  b u ild u p  i n  th e  a m p litu d e  o f  th e  s t a t e  o f  i n t e r e s t ,  
we may c o n s id e r  th e  e x p o n e n t ia l  form  o f  X2 ;
A2 - %(Aa+&b+(Oa+°b+°ab+°ba)ŸN)
-% (|A a-* b + (°a-°b + °ab  ■‘’ba>^'*l^+ ''” ab '’ba’ ^ ''^ * '’
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a s  b e in g  r e s p o n s ib le  f o r  th e  o b serv ed  cu rv e  in  F ig ,  49 . The s o l id  
l i n e  in  F ig , 51 r e p r e s e n t s  th e  a n a l y t i c  f i t  o f  X2 th e  ob serv ed  
d a ta .  The p a ra m e te rs  u sed  in  th e  f i t  w ere:
A = 5 , 98  X 10^ s e c " l
0 .8  X 10^ sec~^
a = a, = 9 X 10 cm^ a  b
a , = 7 .5  X 10"15 cm f; o, = 7 ,0  X lO "^^ cm^ab ba
V  = 3 ,18  X lO''^ cm /sec (T = 300° K)
N = 8 ,05  X 10^^ p ( t o r r ) / c c
I t  i s  f e l t  t h a t  t h i s  p ro c e s s  i s  s im i la r  to  th e  i n t e r e l e c t r o n i c
m ixing  a p p a re n tly  r e s p o n s ib le  f o r  th e  freq u en cy  dependency o b serv ed
by p re v io u s  w orkers  w ork ing  in  th e  a b s o rp t io n  r e g io n .
T his l e v e l  d id  e x h ib i t  a doub le  e x p o n e n t ia l  d ecay ; how ever, th e
53f a s t  component ( ~ 1  jjsec decay) o b se rv ed  i s  b e l ie v e d  to  be due to  th e
u n d e r ly in g  re c o m b in a tio n  co n tin iu m  cau sed  by SO + 0 -----  SO  ^ + hv , and
n o t  to  be  th e  l e v e l  in  c o l l i s i o n a l  re so n an ce  w ith  th e  l e v e l  s in c e  
th e  ze ro  p r e s s u re  l i f e t i m e  f o r  such  a  c o l l i s i o n a l  s t a t e  sh o u ld  be 
around  1 .7  p se c . F ig ,  52 shows a sc h e m a tic  r e p r e s e n ta t io n  f o r  such  a 
d oub le  e x p o n e n t ia l  sy stem  and i l l u s t r a t e s  why th e  m ixed s t a t e  sh o u ld  
b e  around  1 .7  p se c .
The i n t e r c e p t  o f  th e  dashed  l i n e s  sh o u ld  be  h a l f  th e  sum o f  th e  
decay p r o b a b i l i t i e s  (h ig h  p re s s u re  e x t r a p o la t io n  o f  th e  term s and 
X2 , w here X^  d i f f e r s  from  X2 o n ly  in  th e  s ig n  o f  th e  second  te rm ) .
T able V II l i s t s  th e  w av e len g th s  o f  th e  o b se rv ed  le v e l s  o f  th e
-  1
A s t a t e  o f  SOg. The m easurem ents made in  t h i s  work would th e n  
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F ig .  51: A n a ly t ic  F i t  to  i n v e r s e  L i f e t im e  VS P r e s s u r e  Curve
À \  SO;
105
agreem ent w i th  th e  lo w e s t  l e v e l  o b se rv ed  by M ettee^^  and w i th  th e  
f a s t e r  v a lu e  (14 y sec )  l i s t e d  by S idebo ttom . R e c a l l  t h a t  S idebo ttom  
c a l c u l a t e d  a  v a lu e  f o r  th e  l i f e t i m e  o f  18 ysec  f o r  a  v i b r a t i o n a l l y  
e q u i l i b r i a t e d  system . I t  would pe rh ap s  b e  s a f e  to  assume t h a t  th e  
l e v e l  m easured by M ettee  a t  2650 S was a l s o  i n  v i b r a t i o n a l  e q u i l i b ­
r ium , and by th e  n a t u r e  o f  th e  e x c i t a t i o n  used  i n  th e s e  e x p e r im e n ts ,  
ou r  l e v e l s  sh o u ld  a l s o  be  i n  v i b r a t i o n a l  e q u i l i b r i u m .
T ab le  V II :  A l e v e l s  o f  SOg
WAVELENGTH PRESSURE LIFETIME
(%) (u se e )
2593
2561
2493 15 -400 u Hg 1 2 .5 ± 2 .5
2415 flo w in g
2383
2263
P r e s s u r e
F ig .  52: Decay o f  c o l l i s i o n a l l y  r e s o n a n c e  s t a t e s .
106
■ * 1 3  
C and D ' ^ * 2
- 1 3
The C and D s t a t e s  o f  SO^ ( ’ B^) proved  to  be a s t r a i g h t
fo rw ard  measurement w i th  r e s u l t s  i n  good agreem ent w i th  th o s e  o f  Hui
and P r i c e ^ ^ ,  A f a s t  s i n g l e  e x p o n e n t ia l  was ob se rv ed  w ith  a l i n e a r
p r e s s u r e  dependence i n d i c a t i n g  a t o t a l  c o l l i s i o n a l  d e p o p u la t io n  c r o s s
s e c t i o n  o f  0 ^ = 2 .7 2  X 10 cm^. F ig ,  53 i s  a r e c i p r o c a l  l i f e t i m e
vs p r e s s u r e  cu rv e  f o r  th e  C s t a t e  which i n d i c a t e s  a zero  p r e s s u r e
l i f e t i m e  o f  60 .6  ± 1 .8  n s e c .  This  i s  a  coun t r a t e  c o r r e c t e d  c u rv e .
This v a lu e  compares w e l l  to  t h a t  e x t r a p o l a t e d  f o r  Hui and P r i c e  o f
55 ± 8  n s e c .  T h is  l e v e l  d id  n o t  e x h i b i t  any freq u en cy  dependence
s i m i l a r  to  t h a t  se e n  f o r  th e  A s t a t e .
O i l  LINES
The oxygen l i n e s  o b se rv ed  i n  t h i s  work have  been s tu d ie d  e l s e ­
where and a r e  m entioned  h e r e  on ly  b e ca u se  o f  th e  q u a d r a t i c  p r e s s u r e  
dependence they  seem to  p o s s e s s .  Three io n i z e d  oxygen l i n e s  have  been  
o b se rv e d ,  th e  3p ^P, (2365.15 th e  3p ^^2/1
(2365 .03  S) and th e  3p^Pgy2 ~5 s ^P^ (2263 &) w ith  l i f e t i m e s  ra n g in g  
from 5 , 3  ysec  a t  600 y Hg to  1 .1 8  msec a t  30 y Hg. This d a ta  i s  
p r e s e n te d  i n  F ig .  54 . Note t h a t  th e  d a ta  i s  q u a d r a t i c  i n  p r e s s u r e .  
This  would te n d  to  i n d i c a t e  a t h r e e  body c o l l i s i o n ,  th e  m o lecu le  SO^ 
and two slow  e l e c t r o n s  w i th  e x c i t e d  i o n i z e d  a tom ic  oxygen as  one o f  
th e  p ro d u c t s .  We then  o b se rv e  th e  decay o f  th e  O i l  atom n o t  a t  i t s  
c h a r a c t e r i s t i c  decay  r a t e ,  b u t  a t  th e  r a t e  o f  p ro d u c t io n  o f  th e  i o n s .
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CHAPTER V II 
CONCLUSIONS
I t  i s  th e  o p in io n  o f  th e  a u th o r  t h a t  w i th  a l i t t l e  c a r e  and 
p a t i e n c e ,  th e  c o ld  ca thode  i n v e r t r o n  can be  a  v e ry  u s e f u l  t o o l  i n  ex­
am in ing  th e  l i f e t i m e s  and r e l a t e d  p a ra m e te rs  o f  p o ly a to m ic  m o le c u le s .  
I t  has  been  shown to  be  a c c u r a t e  i n  r e p ro d u c in g  th e  known l i f e t i m e s  
o f  He, 01 and N^ w hich were i n i t i a l l y  d e te rm in e d  on e n t i r e l y  d i f f e r e n t  
equ ipm ent,  some d e t e r m in a t io n s  even b e in g  made on equipm ent u s in g  
e n t i r e l y  d i f f e r e n t  co n ce p ts  o f  p h y s i c s .
The o b se rv ed  l i f e t i m e s  o f  SO^ a r e  w e l l  w i th i n  th e  e x p e r im e n ta l
~ -  1 3
e r r o r s  r e p o r t e d  by some ( i , e , ,  th e  C and D ’ B^) and a r e  c o n s i s t e n t
" 1w ith  th e  r e p o r t e d  v a lu e s  o f  t h e r s  (A B ^), w h i le  im prov ing  th e  p r e ­
c i s i o n  o f  b o th  c o n s id e r a b ly  (± 3% as  apposed  to  t h e i r  ± 15%), By 
combining th e  r e s u l t s  o b ta in e d  th ro u g h  th e  a b s o r p t i o n  s p e c t r a  and t h a t  
o b ta in e d  i n  e m is s io n ,  i t  i s  f e l t  t h a t  a  b e t t e r  u n d e r s ta n d in g  o f  th e  
m olecu le  has  been  a c h ie v e d .  A lso ,  d a ta  has  been  c o l l e c t e d  which p e r ­
haps i n  th e  f u t u r e  w i l l  h e lp  d e te rm in e  th e  e x t e n t  and th e  ty p e  o f  
v i b r a t i o n a l  and i n t e r e l e c t r o n i c  l e v e l  m ix in g .
F u tu re  work i s  s t i l l  r e q u i r e d  i n  t h e  v i s i b l e  r e g io n  o f  SO^
and w i l l  be com ple ted  a f t e r  m o d i f i c a t io n  o f  th e  a p p a r a tu s  to  a l lo w
3
m i l l i s e c o n d  i n v e s t i g a t i o n s .  At p r e s e n t  th e  l i f e t i m e  o f  th e  a  B^ ex­
c i t e d  l e v e l  o f  SOg i s  too lo n g  f o r  a c c u r a t e  measurement on th e  e x i s ­
t i n g  a p p a r a tu s .  F i n a l l y  a tho rough  i n v e s t i g a t i o n  o f  th e  v i s i b l e  and 
perhaps  th e  i n f r a r e d  r e g io n s  w i l l  r e v e a l  th e  s t a t e  w hich a p p ea rs  to
109
110
1be c lo s e  coup led  w i th  th e  A l e v e l  (assum ing t h a t  i t  i s  n o t  th e
3
e x c i t e d  s t a t e  â B ^).
This  equipm ent sh o u ld  now be u s e f u l  i n  m easuring  l i f e t i m e s  
f o r  o t h e r  e a s i l l y  d i s s o c i a t e d  p o ly a to m ic  m o le c u le s .
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APPENDIX A
LISTING OF COMPUTER PROGRAMS AND SUBROUTINES
LPLÛÏ 2 0 : 0 8  THU. I-EB 0 5 ,  1974
DIMENSION Y ( 5 1 2 ) , A ( 5 ) , Y P ( 5 1 2 )
DI MEN SI ON CHAN< 10 > , TIM< 10)
REAL I N C R ,L 1 ,L 2  
DATA A /'^X " ,
C DATA INPUT
CALL INPAKCN,NTC, CHAN, TIM, TTME,Y)
P R IN T 1 2 2 4 ,
1 2 3 4  FORMATCIH ,  "ENTER PLOT INCREMENT")
1 INPUT ,K
I F  ( K ) 2 ,  2 , 3




C Y VALUES TO BE PLOTTED 
9 201 FORMATC IH ,  2A 6, 3X, "D A T E -" ,  A 2, A 3, A 4, 3X, "PUN 1 2 )
C SEARCH FOP. MAXIMUM AND MINIMUM VALUES 
B = Y (1)
S = 1 0 0 0 0 .
DO 20  I = 2 , N  
I F  C Y C I ) - B ) 1 5 , 1 5 , 1 1  
11 B = Y ( I )
GO TO 20
15 I F  (Y ( I ) - 5 ) 1 6 , 9 0 ,  20
16 I F C Y C D .E G .  0 . 0 ) G 0  T 0 2 0  
S=Y( I )
2 0  CONTINUE
C CALCULATION OF SCALING FACTOR AND RANGE 
PRINT 9 1 0 ,  S ,B  
IN PU T, S ,B  
PRIN T 2 0 1 ,  S ,B  
B=ALOG(B)
S =ALOG( S)
SC=( B -S )  / 6 3 . 0  
C SET UP BORDER AND PRINT SCALE 
P R IN T 9 0 3
PRINT 9 0 2 ,  (AC 5 ) ,  1 = 1, 6 5 )
C PLOTTING OF DATA 
DO 3 0  I = 1 ,N ,K  
I 1=1 - 1  
NY=1
I FCYC I ) - S . L E .  0 . 0 )  GO TO 30  
NY=(ALOG(Y( I ) ) - S ) / S C + 1  
DO 21 J = 1 ,N Y
21 Y P ( J ) = A ( 4 )
LPLOT 2 0 :0 8  THU. FEB 0 5 ,1 9 7 4
YP(iMY) = A (2 )
30  PRINT 2 9 3 ,  I 1, (YPC J ) ,  J = 1 ,N Y )
; FINAL BORDER
PRINT 9 0 2 ,  C AC 5 ) , 1  = 1 , 6 5 )
PRINT 2 0 2 , SC 
GO TO 1 
9 02  FORMATC IH , 3 X ,  65A.1)
201  FORMATC 1 H 1 , F G . 0 , 5 2 X , F 8 . 0 )
2 0 2  FORMATC 1 H 0 , ’’SCA LE=", F8 .  5 ,  "LNC CO U N TS)/PRIN T CHANNEL") 
29 3 F 0 R M A T C I 4 , 6 4 A 1 )
9 0 3  FORMATC IH ,  3X, " * " ,  63X , " * " )
9 10 FORMATC"ENTER SCALE L IM ITS,D EFA U L T VALUES ARE 
9 9 9  FORMATCIHO,"END OF JO B " )
END
INPAX 2 0 : 0 8  THU. FEB 0 5 , 1 9 7 4
SUBROUTINE I NFAKC N 1, NTC, CHAN, TIM, T IM E ,Y )
DIMENSION CHANC 10) ,T IM C  1 0 ) ,Y C 2 5 6 )
1 , DATEC 3 )
INTEGER CHAN 
REAL L 1 , L 2
CALL DATI MEC TI MED, TIMEB, DATE)
CALL OPENFC 1, " IN P U T ")
READC 1 , 9  1 0 1 ) L 1 , L 2 ,  DA.,XMO, YR, RN, SA, VL, P 
READC 1 , 9  1 0 2 )N 1 ,N T C ,  C CHANC I ) , 1 = 1 , NTC)
READC 1 , 9 1 0 3 ) C T I M C I ) , I  = 1,NTC)
9 101 FORMATC 2 A6 ,  A2 ,  A 3, A 4 , I 2 ,  A6 ,  F 5 .  0 ,  F 5 .  1)
9 102  FORMATC I 3 , 1 1 , 8 1 3 )
9 103 FORMATC 8 F 7 .  2)
N=N 1
READC 1, 7 0 0 0 )  TIME, C Y C I ) , I  = 1 ,N )
4 0 0 0  FORM A TC15F4.0)
5 0 0 0  FORM A TC14F5.0)
6 0 0 0  FORM A TC10F7.0)
7 0 0 0  FORMATC I 6 , 9 1  7)
CALL CLOSEFC 1, " IN P U T " )
PRINT9 2 0 1 , L 1 , L 2 ,  DA,XMO,YR,RN 
FRINT9 2 0 2 ,  SA, VL, P ,  TIMED, DATE
9 2 0 1  FORMATC IH O ,/ / / / / ,  2A 6, 3X, " D A T E -" ,  A 2, A 3, A4, 3X, "RUN
9 2 0 2  FORMATC IH ,  "S A M P L E -" ,  A6 ,  3X, "UAVELENGTH = " ,  F 5 .  0 ,  "  A"j 
13X, "PR E SSU R E = ", F 5 .  1, "  M IC R O N S " / /"  CALCULATED A T ",
2 IX, A6 ,  IX, 3 A 6 / )
RETURN
END
RGRES 2 0 :0 8  TOU. FE3 05 , 1974
SUBROUTINE RGRES C V ,U , A, B , N 1 , N 2 , R 2 ,  SWTCH)
DIMENSION U( 5 1 2 ) ,  V< 5 1 2 )
REAL M l , M2
120 FORMATC"ZERO CSTD ERROR OF ESTIMATE EXCEEDS STD DEV 
IG F  Y " )
N = N 2 -N 1+1
100  FORMATC IX, "S IM PL E  LINEAR REGRESSION
1 EQUATION: LOGC Y-FC X) ) = A + B * X " , / / IX , " I  NDX R*R VALUE 95% 
2C0NF L IM IT S  BEGIN END DI F F " )
1 5 0  FORMAT C ÎH 1)
2 0 0  FORMATC F 9 .  5 , 4H A=, 3F1 2 . 8 ,  I 4 ,  I 6 ,  I 6 / ,  9X , 4 
IH B = , 3 F 1 2 . 8 )
IFC S W T C H .E 0 .2 .)G O  TO 11 
IF C A ) 8 , 1 0 , 8
8  I F  C IC N T -2 5 )  1 1 ,  1 1 ,9
9 PR IN T 150
10 ICNT=1
I FC SWTCH.EO. 1) GO TO 101 
102  PRINT 1 1 0 ,
110 FORMATC IH ,  "ITERATIONS NOT DISPLAYED")
GO TO 11
101 PRINT 1 0 0 ,
11 CONTINUE 
S1 = 0 
S 2 = 0
S3 = 0 
S 4 = 0  
S 5 = 0
DO 2 0  I = N 1 ,N 2  
S 1 = S 1 + U C I)
S 2 = S 2 + U C I)* U C I)
S3=S3+VC I )
S4=S4+VC I ) *  VC I )
20  S 5 = S 5 + U C I)* V C I)
M 1=S1/N
M 2=S3/N
D 1=S2/N -M 1*M 1
D 2=S4/N -M 2*M 2
D 3=S5/N -M 1*M 2
C1=N*D1





IF C D 4 -D 2 )  2 0 7 0 , 2 0 4 0 , 2 0 4 0
RGRES 20; 08 THU. EEB 0 5 ,  1974
2 0 4 0
2 0 7 0  
2 0 8  0
2 1 1 0
2 1 3 0
2 1 6 0
56
57
R 8 = l
H2=0
GO TO 208  0 
R 2 = l - (  D 4 /D 2)
CONTINUE
I F ( R 8 ) 2 1 1 0 , 2 1 3 0 , 2 1 1 0  
PRINT 120  
GO TO 2 1 6 0  
D2M4=D2-D4 
D45CR=SGRT< 0 4 )
D 4 = N * D 4 /(N -2 )
T = 1 . 9 5 9 9 6 + 2 . 3 7 2 2 6 / ( N - 2 )  + 2 . 8 2 2 5 0 / ( N - 2 ) * ( N - 2 )  
D5=SGRT( D 4 /C 1 )
D6=S0RT( D 4/N )
B 1=B -T*D 5
B2=B+T*D5
A 1=A -T*D 6
A2=A+T*D6
I FC SWTCH.NE. 1) GO TO 5 6
PRINT 2 0 0 ,  R 2 , A, A l ,  A 2 ,N  1 , N 2 , N ,  B, E l ,  B2
CONTINUE






DSPAK 20:08 THU. FEB 05, 1974
SUBROUTINE DSPAK 
C PLOT ROUTINE
COMMON N, I K ,  I W, M, I B ,  I TEST, I DUM,NDUM, I PR, I FG, IM ,Y T , TEST, 
IViVAR, S S O ,ID F ,  D ET,ISW , IP L T ,  I SC,YC 3 0 0 ) , X (  1 , 3 0 0 ) , W (  3 0 0 ) ,  IX (  1 0 ) ,  
2FGC 1 0 ) ,  PC 1 0 ) ,  SPC 10),Y CC 300) ,D Y C  300),B M C 1 0 , 11),ALABC 1 0 ) , I N T T ,  
3PA B T C 10),N S E T S  
EOUI VALENCE C I BUM, IN 1 ) ,  C NDUM,NN2)
DIMENSION ICHC 10),A PL T C  6 5 )
INTEGER APLT
DATA I BCH, I SCH, I C H /"  " ,  "*  " ,  " A " ,  " B " ,  " C " ,  " D " ,  " E " ,  " T " ,  " U " ,  " V "
1 ,  "W", " X " /
DATA I 0 C H / " 0 " /
5 0 0  FORMAT CIX, 1 3 ,  65A 1)
9 01 FORMATC IHO)
9 0 5  FORMAT C 2X, F 7 .  3 ,  53X , F 7 . 0 )
K = IK -1  
K K = I K / 2 - 1 
YG=YC 1)
DO 5 1 = 1, N 
5 YG=AMAX1CYQ,YCD)
S C A L E = 6 3 ./A L 0 G C 1 0 0 0 . )
C H K Z = E X P C l. /S C A L E )* Y G /1 0 0 0 .
J =  - I P L T  
PRINT 9 0 1  
Y Q L N 1 = C Y Q /1 0 0 0 .)
PRINT 9 0 5 ,Y Q L N 1 ,Y 0  
1 7 0  IX PLT=0 
N l = 65 
2 0 0  DO 2 1 0  1 = 1, 65 
2 1 0  A PL T C I)= IS C H  
APLTC 3 2 )  =I OCH 
J = J +  1 
GO TO 2 5 0
2 1 5  J = J + I P L T
I F C J - N )  2 1 6 , 2 1 6 , 1 7 0
2 1 6  CONTINUE 
IX P L T = IN 1 + J -1  
DO 2 2 0  1 = 2 , 6 4
2 2 0  APLTC I ) = I  BCH 
DO 2 4 0  I = 1,KK 
DUM=YC J ) - P C K )
DO 2 3 0  I J = 1 ,K K  
IFC I J - I ) 2 2 5 ,  2 3 0 ,  225  
2 2 5  DUM=DUM-PC 2*1 J - D  + EXPC-XC 1, J ) / P C  2*1 J )  )
2 3 0  CONTINUE
IFC DUM-CHKZ)237, 2 3 7 ,  2 3 5
2 3 5  NMBR =C ALOGC BUM) - ALOGC Y O / 1 0 0 0 .  ) ) * SCA LE+I.
I FC NMBR- 6 4 )  2 3 8 ,  2 3 8 ,  2 3 6
2 3 6  NMBR=64 
GO TO 238
DSPAK 20 : 08 THU. FEB 05, 1974
2 3 7  NMBR = 2
238 APLT(NMBR) = ICHC I )
I F  C N l.L T .N M B R ) N1=NMBR 
2 4 0  CONTINUE
N M B R = (D U M -F (K -2 )* E X P (-X (  1 , J ) / P C  2 * K K ) ) ) / C Y C J ) * * . 5 ) * 2 .  + 3 2 .  
IFCNMBR-1 > 2 4 7 , 2 4 7 , 2 4 5
2 4 5  CONTINUE
IFCN M BR-6 4 ) 2 4 8 , 2 4 8 , 2 4 6
2 4 6  NMBR=64 
GO TO 248
247  NMBR = 2
248  APLTCNMBR) = ICHCKK+1)
IFCN l.LT.N M BR)N 1=N M BR
2 5 0  PR IN T 5 0 0 , I X P L T ,C A P L T C I ) , I = 1 , N 1 )
Nl  = 2




M C PASKE OATE-JUN 21.73 RUN 1
SAMPLE-N2 2P5 >AVELENCTHs3IS9.A PHESSURE=325.OMlCRONS
CALCULATED AT 08 00 THU. JUN. 21,1073
ENTER PLCT INCREMENT.LOWER SCALE LIMIT. UPPER SCALE LIMIT.BACKCROUND.





















































C‘ 0‘ ^ 0 ‘ < ? o o o o o » « * *  — — — ( \ < N N N N n n r n r î f n < < « < ^ i n . n t r i n t f > o » o « o > o o N N N h ‘ N « f f l ® œ ® ^ ^ o o ' c r o o o o o * - « ^ . * * - < ^ < J i
PAGE 0 001
// EXEC F O » < T G C L C . P A f t M . F O W T « * N A M e » L A S L »
//FOflT.SYSlN 00 •
C MAIN PROGRAM FOR NONLINEAR LEAST SQ$ EXP. FIT. FROM LASL
DOUBLE PRECISION YT.WVAR
DOUBLE PRECISION WtP«SP.YC•OY•PART »BH«OET.ALAB
%
COMMON N.IK.IW.H»IB.ITEST.IDUM.NOUM.IPR.IFG»IH.TEST.YT.WVAR.SSO• 
IIDF.DET. tSW.lPLT.ISC.XNTT.Y(300> .XCl.aOO.WOOOI.lXI 10>.PG(10)«P( 







C CLEAR DUM. PART
1 OUM(1)=0.
DO 20 K=l.10 
20 PART(K)>0.0




I N 1 » 0  
NN2"S 
CALL ISPAK 
C C A L L  c a l c u l a t i o n  R O U T I N E
PAGE 0 0 0 2
CALL PSPAK 
C CALL OUTPUT ROUTINE
CALL RSPAK 
C CALL PLOT ROUTINE
900 FORMATC ENTER PLOT INCR IF PLOT IS OESIRED THEN 0 FOR NeXT CASE.t 













DOUBLE PRECISION WiP.SP«VC.OV.PART.BM.OET.ALAU 
DOUBLE PRECISION YT.WVAR
COMMON N.IK.IW.M.IB.ITEST,IDUM.NOUM.IPR.IFC.IM.TEST.YT.WVAR.SSO. 
IIDF.DET.ISW.IPLT.ISC.INTT.Y(300>.X U .300).W (300>.IXI10).PCI 10).PI 
210).SP(IO).YCI300).DYI300). 8HI10.11).ALAB110>.PARTI 10).NSETS. 
30UMI1).211) 
e q u i v a l e n c e  IIDUH.INI>.IN0UH.NN2)
NRD-ALABIIO)
PACE 0 0 0 3





GO TO A 
355 CLORTR31.0 
GO TO A 
360 DcT=2.0




<940 FORMAT! ' ENTER NUMBER OF PARAHS. FIRST POINT.LAST POINT. WEIGHT POW 
6ER. IPR=0.I«2 OR 3 FOR INCREASED OUTPUT. 1M=I MOLD C O N S T A N T . • A 











PAG£ 0 0 0 4
%K*IK+%
I S W « 0
M a i





960 FOQMAT(V ENTER LIFETlMES(SHORT,LONG)•CQEFFS(SHORT.LONG).CONSTANT*> 
WRITE(6.960)






980 FORMAT!* CALIBRATION IS*.FIO.S,* NS/CMAN ♦OR-*tF10*7)
WR XT E <6 . 9 8 0 I C L B R T R . A I  
DO 11 1=1.N 
A I = X - l  
1 1  X(  l . X ) = A X * C L 8 RTR
PHOTON p i l e -u p CORRECTION ROUTINE 
IDCRaTOCR
IF(XDCR.£Q«0)G0 TO 60 
Y S U M a Y d  )
S O C R s T O C R





Y C I > = V T E M P  
6 1  C O N T I NU E
CNRTa(VSUM/TDCR)♦100*
YMAX=Y(l>
DO 8 3  J = 2 . N S A V  
1 F ( Y M A X - Y ( J ) ) a 2 i a 3 » 8 3  
8 2  Y MA X = Y ( J >
63 CONTINUE
PMAX*YHAX/TDCR 
WR I TE(6.981)CNRT»PHAX 
981 FORMAT 1 * COONTRATE FOR THÏS RUN IS '.F5.2.' PER CÇNT*/.* MAXIMUM P 
6R0BILXTY OF A COUNT OCCURRlNO IN A CHANNEL* IN ONE CYCLE* IS *,F6. 
66)
80 NalN2-lNl+l
SET UP w e i g h t s 
WRITE(6.950)INI*NN2 
WRITEC6.971)Y 
XFCWEIT.NE.OIGO TO 6 
00 40 I»l*N 
40 W ( n  = l*0 
GO TO 8 
6 00 50 I«1*N
PACE 0 0 0 6
*50 W( t )=Y(J>/Y< XNl)
WRITE(6.950)l.J.lNt 
XF(WEIT.EO.l.O) CO TO 8 
405 FORMAT (• WEIGHT RANGES FROM 1.0 T0*»F7.3.« FOR CHAN '.13)
7 DO 60 Is2fN
1F(W( I ) .EQ.G.OCO TO 59 
w( I)=w(I)**WEIT 














DOUBLE PRECISION W *P *SP«YC•DY.PART.BM*OET•ALAO 
DOUBLE PRECISION YT.WVAR
COMMON N . I K . l w . M . i a * I T E S T . IDUM.NOUM,IPR.IFG. I M . T E S T . V T • W V A R . S S O •  
1XDF.OET,XSW»XPLT.XSC.INTT,YI300)*X(1.300).W(300>.IX(10),PG(10>*P(
PAGE 0 0 0 7
6 M ( X 1 0 >  t  A L A 6 ( 1 0 ) « P A R T ( 1 0 ) . N S E T S .210) «SPCIO .YCOOO) »OY(^00) •
. 3DUM(I).2(1)
DIMENSION TSC40)




200 F0RMAT(/26H THE WEIGHTED VARIANCE IS IPEIA.7,/
1.» THE UNWEIGHTED SIGMA IS ',IPE14.7
2,' AND THE UNWEIGHTED SUM OF SQUARES OF THE DcVS IS ',1PE14.7)
300 FORMAT!• GUESS OF FINAL VAL OF S.D. OF EXACT LST S




00 40 Ksl.KFREE 
2 A=0.0 







C CAL AND RITE CORR MATRIX
IF(IPR.LT.I) GO TO 70
PAGE 0 0 0 6
I T £ (  6 t 7 0 0 )
700 FORMAT!/////* MATRIX OF CORRELATIONS BETWEEN FREE PARAMS')











SUHROuriNE LAMBDA (NM.PC*LSDA* DP•XT•AN )
R E A L  L R O A t N U
DOUBLE PRECISION YT.WVAR,PHI
DOUBLE PRECISION W ,P ,SP.YC,DY,PART,QM.OET,ALAB,PC.OP•AN•AM 
DIMENSION PC<10),Am (liO>,DP(10) 

























% or UJ ♦ cc M tu oo u Ul o Ui ♦ aUJ ct 'U (/) « a a O .3
UJ O u. s o 3 3 u.a s X u. X N X o o o zu. X N CM a OX » N N (/) Mn Ul M O n « * CE Ul m 1X y UJ X X O o o “) * O z •>m 1 a a m U) (A o1 II X u. M It a a o S K oo X X a a o (VI X Q & o o uVC (M » o X a c O H N aH n o It a (A II n Nn z O It X X u. L. o II o n c II II o Û U. X O Km Û a < o Q o o a o o o O a O >
o o o oN o N o
PAGE 0 0 1 0
INsIK-3
00 150 K d  .IN.2 
JJ = K
150 Yr=YT+PC(K)*DEXP(-X( I • J >/PC( K<*> 1 ) >
200 PHI=W(J)*(Y<J)-YT)**2+PHI 





DO 220 1=1.KFREE 
0P(1)=H*OP{I>







1 J = K F R E E + 1
00 JOO KsIJ.NX 
300 BM(K)=:AM(K)
GO TO 520 









900 FORHAT<* C0S(GAMHA)3 * *1PS11.4)
910 FORMATC LAMBOAa '.lPc7.1.* ITER NO. PHI* *,IPEIS.O)
920 FORMAT!* Ha '.1PE8.2,' PHI= *»tPdlS.9)
930 FORMAT(214,IPE10.3)
940 FORMATC 8M(J)=i *,1P7E17.8)
950 FORMAT!* AN!J.J)= ',1P7E17.8)
ENO
SUOROUTINE YPS!I)
f u n c t i o n  an d PARTIAL DERIVATIVE ROUTINE 
DOUBLE PRECISION W •P •SP.YC•DV•PART,BM»OET.ALAB 
DOUBLE PRECISION YT.WVAR
c o m m o n  N.IK.IW.M.%0.ITEST.IDUM.NOUM.IPR.IFC.IM.TEST.YT.WVAR,SSO.
1 IDF.OET.ISW.IPLT.ISC.INTT.V(300).X(1.300>.W!300).IX!10 ).PC!10)»P( 
210).SP(10).YC!300).DYC300)• 0M(10.11)«ALAB!10)«PART!10).NSETS.
3DUM!l).2!l)
900 FORMAT!' SUM OF EXPONENTIALS. Y(I)mP{1)*EXP(-X(%)/P(2))+...*P!',11 
































PAGE 0 0 1 3
1F(tPR.EQ.O) GO TO 1 
WRirt£(6,A00> TEST 
400 PORMAK/ttH TEST = »XP£15«7/)




















00 30 Kat.KFREE 
DO 20 KK*l.KFREE 
JJ3K>(KK-1 I«KFREE
PACe OOIA





30 BM(j j )30*
3 VARaO.O 
s s o = o . o
LOOP TU SET UP NORMAL EQUATIONS 
DO 90 X«1*N
CALL YP ROUTINE. CALCULATE SUM OF SQUARES 






XF(DEL.LT.XSVAR)CO TO 35 
W(I)=0 .0  
IREJ=XREJfI 




XF(KFREE.EQ.O) g o  t o  90
SET UP AN AS VECTOR OF PARTIAL DERIVATIVES
PAGE OOlS
K t«0
00 60 KsltlK 
IF ( XM.EO.O GO TO 4 
DO 50 KK«1«1M 







FOt^M A AND 8 MATRICES 
00 HO KsX.KFllEE 





80 BH{K)=BM<K)4-AN(K)«DY( X )«tf { I )
90 c o n t i n u e
WVARsVAR
X5VAR=12.*WVA«/DF 




PACE 0 0 1 6
OPTIONAL p r i n t o u t  OF A AND 8 MATRICES ON LAST ITERATION 
IF(LASTIT.EO.O) CO TO 6 
XF(IPR.LT.3) GO TO 6 
WRITE<6t500)
500 F0RMAT(///.1X.tHK.10X.6HA(K«L)»28X.ANB(K)//}





110 WRITE(6.700)K.(AM( II)» IlaJJ,IJ)
700 FORMAT!X4.1PX0E12.4)
SOLVE THE NORMAL EQUATIONS








750 FORMAT!* SINGULAR SYSTEM ITER NO *.12)
CALL GMPROCDHCKP)»BM.OP.KFREE.KFREE.1)
00 115 1=1,KFREE 
XJ=CI-l>*KFREE+X 
SP(1>=0P(I)
PAGE 0 0 1 7
0P(I)=0P(I)/DSORT(AM<IJl)
■ 115 PCI:l=P(Il + DPII)
: WRITE THE VALUE OF THE DETERMINANT. A INVERSE. AND NO. OF ITERATIONS
CALL LAMBOAINH.PC.LOOA.DP.IT.AM)
IF(NM.E0.2> go TO 7 
a IF (LAsTiT.ea.oj go to ii 
WRITEI6.800)IT.DET 
800 F0RMATII6." ITERATIONS. OET. OF PART. OERIV. MATRIX «'.1PE14.61 
Z CALCULATE NEW PARAMETER VALUES AND CHECK FOR SIGN CHANGES IF NECESSARY
11 KI=0
00 140 K=:.IK 
IF(IM.EO.O) GO TO 12 
DO 130 KK31.1H 




IFILASTIT.NE.O) g o t o 140 
IF!lFG-1)14.140.IS
14 IF!IT.GT.SI GO TO 140
15 IF(P(k >*PC(K).GE.O) GO TO 140 
H=h /2
IF(M.GE.l.OC-lO) GO TO 11 
WRITCI6.1S00)
1500 FORMAT!• PROG. OUIT ITERATING DUE TO PARAMETER".13.» CHANGED SIGN"
I )





140 c o n t i n u e
C OPTIONAL PRINTOUT FOR EACH ITERATION
IF(LASTIT,NE#0> g o TO 19 
%F(IPR.LT.1) GO TO 17 
VtRlTü(6*1300) ; T.H.VAR 
1300 FORMAT! IHO.I3.1P2E17.7)
1400 FORMAT! IP6F1U3)
:F(1PR.LT.2) GO TO 17 
WRITc(6,14001 (PC(K1,K»1#IKl 
C TEST FOR CONVERGENCE
17 KK=0
00 160 K=l»IK 
IF(P(K),E0*01 GO TO 18
IFiOARSC <<>C<K1*-P(K} )/P(K) )-TEST} 160. 160*19
18 KK^KK+l
160 c o n t i n u e
IF(KK.EO.IK) GO TO 19 
M25C=1
C SET PARAMETER VALUES FOR THE NEXT ITERATION
19 00 170 Xal.IK 
170 P(K1«PC(K>
C AFTER LAST ITERATION GO BACK FOR FINAL CALCULATION OF YC,OY#ETC#
PAG£ 0 0 1 9
IF(LASTIT.eO.O) GO TO 21
KFREE'O
CO TO 3
TEST w h e t h e r  25 ITERATIONS HAVE BEEN TAKEN
21 IF(M2SC.E0.t1 GO TO 22 
IF(IT.LT.25) GO TO 2
GO BACK FOR LAST ITERATION
22 LASTIT»!
GO TO 2




00 190 Ka|.IK 
IF(IM.EO.O) GO TO 24 
00 180 KKal.IM 
IPIK.EO.IXIKKII GO TO 25







190 c o n t i n u e
IF(IREJ.EO.OIGO TO 200
PAGE 0 0 2 0
WR1T£<6»1600)XREJ
WilITE(6* 1901 ) ( Xlw( J) •JXW(J) #J"1 •XREJl
1901 FORMAT(10(I4*X8)>*








c SUBROUTINE MINV MINV 004
c MINV 005
c PURPOSE MINV 006
c INVERT A MATRIX MINV 007
c MINV 008
c USAGE MINV 009
c CALL MINV(A.NoOfLvH) MINV 010
c MINV 011
c DESCRIPTION OF PARAMETERS MINV 012
c A - INPUT MATRIX, DESTROYED IN COMPUTATION AND REPLACED BY MINV 013
c RESULTANT INVERSE. MINV 014
c N - ORDER OF MATRIX A MINV OIS
c D - RESULTANT DETERMINANT MINV 016
c L - WORK VECTOR OF LENGTH N MINV 017
c H - WORK VECTOR OF LENGTH N MINV 016
PACE 0 0 2 1
C * MINV 0 1 9
C REMARKS ' MINV 0 2 0
C MATRIX A m u s t  BE A GENERAL MATRIX MINV 021
C MINV 0 2 2
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED MINV 0 2 3
C NONE MINV 0 2 4
c  MINV 0 2 5
C METHOD MINV 0 2 6
C THE STANDARD GAUSS-JORDAN METHOD IS USED. THE DETERMINANT MINV 0 2 7
C IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT MINV 0 2 8
C THE MATRIX IS SINGULAR. MINV 0 2 9
DIMENSION A(1),L(I>iMC1> MINV 0 3 4
REAL48 OAbS
DOUBLE PRECISION A.D.RIGA.HOLD MINV 042
MINV 030
       MINV 031
MINV 032 
MINV 035
   MINV 036
MINV 037
IF A OGUDLE PRECISION VERSION OP THIS ROUTINE IS DESIRED. THE MINV 038
C IN COLUMN 1 SHOULD BE REMOVED FROM THE DOUBLE PRECISION MINV 039
STATEMENT WHICH FOLLOWS. MINV 040
C MINV 041
C Ml-V 043
C THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS MINV 044












APPEARING IN OTHER r o u t i n e s  u s e d IN CONJUNCTION WITH THIS MINV 045
ROUTINE. MINV 046
MINV 047
THE DOUBLE PRECISION VERSION OF 'THIS s u b r o u t i n e  MUST ALSO MINV 04Ü
CONTAIN DOUBLE PRECISION FORTRAN f u n c t i o n s . ASS IN STATEMENT MINV 049














00 20 J=K.N MINV 064
IZ=N*(J-l) MINV 065
00 20 l«K,N MINV 066
%J=IZ+I MINV 067
IF(OABS(BXGA>- OABSIAIIJ))) 15.20.20 MINV 068
B1GA3AIIJ) MINV 069
L(K)sl MINV 070
PAGE 0 0 2 3
W{K)aj MINV 071
20 CONTINUE MINV 072
C MINV 073
c INTERCHANGE ROWS MINV 074
c MINV 075
J=L<K) MINV 076
XF(J-K) 35.35.25 MINV 077
25 KI=K-N MINV 078





30 A<JX) =H0LO MINV 084
c MINV 085
c INTERCHANGE COLUMNS MINV 086
c MINV 087
35 I=M(K) MINV 083
IF<I-K) 45.45.36 MINV 089
36 JP=N*(1 -1 ) MINV 090




A( JK)aA(JI) MINV 095
40 A<Jl> b HOLO MINV 096
PAGE 0 0 2 4
C MINV 097
c DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS MINV 098
c CONTAINED IN BlGA) MINV 099
c MINV 100
45 ir<BlGA) 48.46.48 MINV 101
46 0=0.0 MINV 102
RETURN MINV 10 J
48 DO 55 l=l*N MINV 104
IFtl-K) 50.55.50 MINV 105
50 IKsNK+1 MINV 106
A(IK)=A(lK)/(-BlGA) MINV 107
55 CONTINUE MINV 108
c MINV 109
c reduce matrix MINV 110
c MINV 111
on 65 Isl.N MlNV 1 12
IK=NK+I MINV 113
HDLD^AiIK) MINV MOl
1 J=I-N MINV 114
on 65 J»I .N MINV 115
U = I  J + N MINV 116
IF(I-KJ 60.65.60 MINV 117
60 XF<J-K) 62.65.62 MINV 118
62 KJ=IJ-I+K MINV 119
A( KU)=MOLD#A(KJ)+A( IJ) MINV MÜ2
65 CONTINUE MINV 121
PAGE 0 0 2 S
C MINV 122
c DIVIDE ROW BY PIVOT MINV 123
c MINV 124
KjsK-N MINV 125
00 75 jal*N MINV 126
KJ=KJ+N MINV 127
IF(J-K) 70.75.70 MINV 128
70 A(KJ)3A(KJ)/BIGA MINV 129
75 c o n t i n u e MINV 130
c MINV 131




c r e p l a c e  p i v o t  BY RECIPROCAL MINV 136
c MINV 137
A(KK)=1.0/8IGA MINV 138
60 CONTINUE MINV 139
c MINV 140
c FINAL ROW AND COLUMN INTERCHANGE MINV 141
c MINV 142
K = N MINV 143
100 K=(K-l) MINV 144
IF<K) 150.150.103 MINV 145
105 I«L<K> MINV 146
IFlI-K) 120.120.103 MINV 147
PAGE 0 0 2 6
108 J0=N$(K-1) MINV 148
JR=N*(Ï-1) MINV 149





110 ACJI) =HOLO MINV ISS
120 J=MtK> MINV 156
XFCJ-K) 100,100.125 MINV 157
125 K:=K-N MINV 150





130 ACJl) sHOLO MINV 164
CO TO 100 MINV 165































m u l t i p l y  t w o GENERAL MATRICES TO FORM A RESULTANT GENERAL GMPR0007




A - NAME OF FIRST INPUT MATRIX 
Q - NAME OF SECOND INPUT MATRIX 
R - NAME OF OUTPUT MATRIX
N - NUMBER OF ROWS IN A
M - NUMBER OF COLUMNS IN A AND ROWS IN 8



















ALL MATRICES MUST BE STORED AS GENERAL MATRICES 
MATRIX R CANNOT DE IN THE SAME LOCATION AS MATRIX A 
m a t r i x  R c a n n o t  be IN THE SAME LOCATION AS MATRIX 8 
NUMBER OF COLUMNS OF MATRIX A MUST BE EQUAL TO NUMBER OF R0WGMPRD025




SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED CMPRDOSB
NONE GMPRD029











Th e h b y L MATRIX B IS PREMULTIPLIED BY THE N BY H MATRIX A GHPRD032




DO 10 X=I.L 
%K=IK+M 





DO 10 lal.M 
JI=JI+N 
IB=IB+1 
10 R< XR)3R( 1R}4>AC JI)«B(IB)
RETURN
END
SUBROUTINE PGRES (V*U•A*8 «NI•N2•R2.SWTCH> 
DOUBLE PRECISION V«U*SWTCH 



















PAGE 0 0 2 9
REAL Hl»M2
120 FORMAT!• ZERO (STO ERROR OF ESTIMATE EXCEEDS STD DEV OF Y
I) •/>
N3N2-NI+1
100 FORMAT ( 3X«*'S I M P L E  L I N E A R  R E G R E S S I O N
1E0UAT1ÜN LOG(Y-F(X)) « A > B*X* »//tX.*XNOX R*R £XPL VAR UNEX 
2P VAR STO ERR VALUE 9S PCT CONF LIMITS BEGIN . END
30IFF* >
ISO FORMAT (IHl>
200 FORMAT (FQ.5.2F10.6.F9.6.4H A°*3P12.6•I 4.16«16./«36X*4H S»*3FI2« 
18)
IF(SwTCH.£0.2«0)GO TO 11 
IF ! A) 8$10.8
8 IF (lCNT-25) 11,11,9
9 WRITE (6,ISO)
10 ICNT a 1 
lF!SWTCH,e0.l>GO TO 101
102 w:UTE(6.110)
110 FORMAT!IH *•ITERATIONS NOT DISPLAYED')
GO TO 11
101 WRITE(b*100>
11 ICNT ■ ICNT*1 
Sl=0
52 = 0
53 = 0 
S4«0
PAGE 0 0 3 0
55  = 0
OU 20 2=NliN2
s i = s i + u ( I )
























GO TO 2160 
2130 02*44 = 02-04

















S U n R Q U T l N E  DSP AK 
C P L O T  ROUT I N F
0UU6LE PRECISION W.P .SP,VC.OY.PART.BM.OET,ALAÜ 
OOUULE PRECISION YT.WVAR
COMMON N.XK.XW.H.IB,I TEST «lOUM.NOUM.IPH,IFG.XM.TEST.YT.WVAR,SSO, 
lXOF,OEr.ISW.IPLT.lSC,lNTT.Y(300).X<l,300).W(300),XX(10>,PG(lO).P( 
210),SP( 10) .YCOOO) »DY(300> • 6H( 10 • 11 )• ALAOI1 0 ) .PARTI 10).NS£TS
e q u i v a l e n c e  (lOUH.INI>.(NDUW.NN2) 
d i m e n s i o n  ICH(10).APLTI1281 
INTEGER APLT






















a c o n t i n u e
PAGE 0 0 3 2
•X»
PAGE 0 0 3 3



















DO 240 1=1.KK 
DUM=Y(J)-P(K>





PACE 0 0 3 4








NMOR=( (0UM-P(K-2 )«OEXP(-Xi 1 • J}/P(24>KK) ) } 4 W ( 3 ) 44.S* • 1 ) «64 
IF CNMHP-l)247»247,245
245 c o n t i n u e















PAGE 0 0 3 5
INTEGER CHAN
OnUDLE PRECISION LA.LO.OATEtSA.TlM






9102 FORMAT!13.I I .813)
9103 F0RMAT(flF7.2)
N=N1
IF(NRD.NE.5> CO TO 10 
RcAD(NR0.7000) TIME.(Y (I).1=1.N)












9201 FORMAT!IHl./////.IH .2A6.3X.•DATE-*.A2.A3.AA.3X.*RUN *.12)
P A C E  0 0 3 6
9 2 0 2  F O R M A T ( I H  . " S A M P L E - " . A 6 . 3 X . " W A V E L E N G T H » " . F S . O t • A " . 3 X . " P R E S S U R E » " . F  
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SAMPLE-N2 2PS
0AT6-JUN 30*73 RUN 4 
WAVELLNGTh = 337l.A PRESSURE00•CM XCRONS
CALCULATED AT 14 00 MON. JUL. 02.I973
ENTER NUMEER OF PARAMS. FIRST POINT.LAST POINT.WEIGHT POWER» 
3 35 250-1.0 0 0
ENTER LIFETIMES!SHORT.LONG >.CUEFFS!SHORT.LONG).CONSTANT








































1 .7E 03 1 .66 03 , 1.7E 03 1 .76 03 1 .56 03 1 . 6c 03 1 .56 03 1 .56 03 1.56 03 l.SE 03
1 .5E 03 1 .SE 03 1 .46 03 1.46 03 1 . 36 03 1 .36 03 1 .36 03 1.36 03 1.36 03 1 .26 03
I .22 03 1.16 03 I.IE 03 I . IE 03 1.16 03 I .06 03 9.96 02 9.46 02 9.76 02 9.06 02
8.9H 02 7.06 02 8.16 02 a. 36 02 7.46 02 8.76 02 7.26 02 7.96 02 6.56 02 6.6c 02
7. J£ 02 6.86 02 6.76 02 6.76 02 6.76 02 6.76 02 5.86 02 5.66 02 5.96 02 5.66 02
5.5c 02 5.56 02 4.61- 02 5.4C 02 5.16 02 4.86 02 5-06 02 4.56 02 4.56 02 4.76 02
4.4E 02 4 .SE 02 4.3c 02 4.36 02 4.56 02 3.0c 02 4.26 02 4.06 02 3.96 02 4.06 02
3.7E 02 3.76 02 3.4 6 02 3-76 02 3.46 02 3.36 02 1 . 16 02 3.56 02 3.06 02 3.16 02
3.76 02 3. JE 02 3.36 02 3.36 02 3.16 02 3.26 02 3. IE 02 3. 16 02 2.96 02 2.76 02
6.4E 01 3.06 02 3.1 E 02 2.96 02 2.76 02 2.96 02 2.96 02 3. 06 02 2.66 02 2.66 02
2.8E 02 2.76 02 2.96 02 2.86 02 2.96 02 2.66 02 2.66 02 2.66 02 2.46 02 2.86 02
2 .SE 02 2.26 02 2.56 02 2.76 02 2.46 02 2.76 02 2.66 02 2.56 02 2.66 02 2.46 02
2.6E 02 2.5E 02 2.46 02 2.46 02 2.76 02 2.56 02 2.46 02 2.76 02 2.16 02 2.26 02
2.3E 02 2.6c 02 2.46 02 2.26 02 2.46 02 2.46 02 2.36 02 2. 36 02 1.26 02 2.26 02
2.5E 02 2.56 02 2.46 02 2.26 02 2.36 02 2.16 02 2.46 02 2. 36 02 2.36 02 2.56 02
2.3E 02 2.26 02 2.36 02 2.46 02 2.36 02 2.16 02 2.36 02 2.06 02 2.26 02 2.36 02
2 .4E 02 2. 36 02 2.36 02 2.66 02 2.26 02 2.66 02 2.36 02 2. IE 02 2.3E 02 2.06 02
2.0E 02 2.56 02 2.46 02 2.36 02 2.46 02 2.36 02 2.06 02 2.36 02 2.16 02 2.06 02
1 .96 02 2. IE 02 2.36 02 2.36 02 2.06 02 2.36 02 2.26 02 2. IE 02 2.26 02 2.2E 02
2.2E 02 2.36 02 1 .96 02 1.96 02 2.46 02 1 .96 02 2.26 02 2. IE 02 2.46 02 1 .9E 02
2.2E 02 2.46 02 2.36 02 2.06 02 2.06 02 1.96 02 2 .36 02 2. 16 02 2 . IE 02 1.96 02
2.0E 02 1 .86 02 2.06 02 2.06 02 2.06 02 2. IE 02 1 .96 02 2. IE 02 1.66 02 1.96 02
2.0E 02 I .96 02 2.06 02 2.06 02 2.36 02 2.36 02 1.96 02 1.86 02 2. IE 02 2.06 02
1.9E 02 1 .96 02 1 .96 02 2.16 02 1 .96 02 -3.46 03 -8.96 OS 8.66 37 -5.86 22 -1.96 22
2.5E-01 2.56 -01 2.56 -01 -1.46 01 -1.16 42 9.56-07 2.06-79 2.86-72 5.1E-8S 3.06 53
-9.86-03 5. IE-85 S. IE-85 3.06 S3 -9.86-03 5 . lE-85 5.16-65 3.06 S3 -9.66-03 5.16-85
5.16-85 3.0E 53 -9.86 -03 5.16 -85 1 .36--79 3.06 52 —6.86—80 5.16-85 1.36-79 5.0E 52
-6.4E 02 S. IE-85 1 .36 -79 3.06 52 —6.86—80 5.16-85 5.1E-8S 3.0E S3 -9.8E-03 S .16-85
216 250 39
WEIGHT ranges FROM 1,0 TO 6.613 FOR CHAN 250
5 ITERAT IONS. OET. OF PART. DERIV. MATRIX = 2.5676150-01
THE FOLLOWING 3 POINTS ARE OUTSIDE 3.46 SIGMA 
97 112 III 84 159 115
S U M  OF EXPONENTIALS. Y ( I)sP( 1)*EXP(-X(I>/P{2))♦.. . tP(3)
THE WEIGHTED VARIANCE IS 1.7355181D 03
THE UNWEIGHTED SIGMA IS 3.2627060E 01 AND THE UNWEIGHTED SUM OF SQUARES OF THE DEVS IS 2.2674394E 05
GUESS OF final VAL OF S.D. OF 
K-TH PARAM K-TH PARAM K-TH PAKAM 
1.5000c 03 1.15720 03 I .29530 01
4.88380 01 7.02600-01
2.10230 02 1.76970 00




2  - 1
EXACT LST SORS EONS 
FITTED FCTN INPUT DATA 
1.8370E 02 1.8369E 02
3.I906E 04 3.1906E 04
2.B030E OS 2.B031E 05 
FOR NEXT CASE,1 TO RERUN WITH NEW PARAMETERS»-! TO CALL EXIT
< < <
m
O  GO 
O
m <
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